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     "Complex liquids" are one of the recent great concern in physics and
materials science. Complex liquids are the liquid systems which cannot be
understood by the stmple model used for the simple liquids and liquid metals.
The observed physical phenomena in a complex liquid system cannot be
explained by the individual motion of constituent atoms or molecules. Instead,
the collective motion plays an essential role. In other words, such a
phenomenon cannot be reduced to the individual events of the elements. Not
only a study of such a system is important in itself but also it may suggest a
way to understand more complex systems. In this thesis I deal with one of
the complex liquid systems,
     A polymeric liquid/liquid mixture system is one of the typical examples
of a complex liquid system, in the two-phase state, the system has an internal
stmcture formed by the interfaces between the two polymeric liquid phases,
while the two po]ymers form a homogeneous mixture without an internal
structure in the one-phase state. On the phase transition from the one-phase
state to the two-phase state, concentration fluctuations develops by the
collective motion of the polymer molecules, resulting in the formation of
interfaces with a vatiety of patterns. Such a phenomenon provides us with a
fascinating subject to investigate.
     Multicomponent polymer systems used for intensive investigations as
complex liquids are classified into two major categories, polymer blends
and block copolymers. The most important characteristic difference is that
in the Iatter the two kinds of polymer molecules are connected by a covalent
bond to form one molecule. In equilibrium, in the two-phase state a polymer
blend phase-separates into two macroscopic domains like a water/oil system.
On the other hand, a block copolymer cannot segregate macroscopically
because of the chemical junction between the two components, resulting in
formation ef a periodic domain stmcture. Such a phase transition is called an
order-disorder transition, or a microphase separation transition, and the
resulting structure is called a microdomain structure, Therefore, the
1
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characteristic spacing ofa rnicrodomain structure is of the order of the gyration
radius of the block copolymer, i.e., 10-100 nm. This means that a block
copolymer system is macroscopically homogeneous and microscopically
heterogeneous, and hence contains a tremendously huge area of interfaces,
which exhibit highly symmetric 3-dimensional srmctures on a 10-100-nm
scale ("nanopatterns''). These nanopatterns themselves, and the physics of
their forrnation are current topics of applied mathematics and physics.
     An important characteristic of the rnjcrodomain structure of a block
copolymer is that it is directional. The physical properties along a
microdomain interface and perpendicular to it are expected to be different.
Therefore, the property of a block copolymer as a material will be centrolled
by the orientation of the microdomain structure. In such a case, rheological
jnformation is extremely usefu1 to understand its nature and to control its
properties. Applying an external field, such as shear flow, may provide us a
technique to affect the orientation of the interfaces, i.e., the alignment of
molecules, and mesoscopic and macroscopic stmctures. From the viewpoint
described above, I have investigated and performed detailed analyses of the
static structures of block copolymer systems, which I present in this
dissertation with studies of dynamic aspects of the nanopatterns of block
copolymers under shear deformatien in conjunction with their rheological
properties. In this context, I discuss the rheo-optics of their orientational
changes by mechanical stimuli, studied by the scattering and rheological
techniques.
    The size of the periodic domain structure of a block copolymer is 10-
1oo nm. Therefore, the small-angle X--fay scattering (SAXS) technique and
transmission electron microscopy (TEM) were employed for the studies of
the interfaces and the microdomain structures, Mechanical spectroscopy was
employed to investigate the dynamic mechanical response. The time-resolved
observations of the orientational changes were carried out in situ and in real
time by the SAXS technique using two-dimensional (2D) detector, that was
newly constmcted for this purpose.
     This dissertation consists of two parts. Part I contains 3 chapters
(Chapters 1, 2, and 3), discussing microdomain formation and the static
2
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structures of block copolymers, whiIe Part II has 4 chapters (Chapters 4, 5,
6, and 7), discussing the development of a new 2D detector system for SAXS
measurements and orientational changes of microdomains by mechanical
stimuli, observed with the 2D detector system.
     Chapter 1 first characterizes the ordering process of a polystyrene-
btock-polyisoprene-btock-polystyrene triblock copolymer and the growth of
the domain structures in a quiescent state by a rheological technique. The
result is compared with that obtained in the conventional way by the scattering
technique, which probes the thermodynamic behaviors of the block
copolymer, i.e., miscibility of the constituent polymers.
     In Chapter 2, the spatial arrangement of the constituent domains jn a
solvent-cast film of a polystyrene-block-poly(ethylene-alt-propylene) diblock
copolymer in the strong segregation limit is investigated by SAXS and TEM
techniques. Detailed analyses on the size and size distribution of the lamellar
microdomains and their orientation in quiescent states are performed. The
SAXS profiles are thoroughly analyzed using a one-dimensional paracrystal
model.
     In Chapter 3, I introduce a new molecular architecture in which three
different polymer molecules, i.e., polystyrene, poly(tert-butyl methacrylate)
and poly(dimethyl siloxane), are connected at a single junction point so that
the copolymer has a shape of a three-arm star. Because of this complex
molecular architecture, a new microdomain structure was observed. The
new microdomain structure, investigated by TEM, SAXS and thermal
analyses, seems to have three kinds of interfaces between each pair of the
three components, The morphology constructed by those interfaces is quite
different from Molau's classic morphologies such as lamellae, cylinders and
spheres.
     In Chapters 5,6, and 7, I discuss how block copolymers behave under
oscillatory shear deformation. I employed block copolymers with various
microdomain structures; a polystyrene-block-poly(ethylene-alt-propylene)
diblock copolymer with lamellar microdomains, a polystyrene-block-
polyisoprene-block-pelystyrene trjblock copo]ymer with cylindrical
microdomains and a polystyrene-bleck-poly(ethylene-att-propylene) diblock
3
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copolymer with spherical microdomains in Chapters 5, 6, and 7, respectively.
We constructed a new 2D detector system consisimg of eight imaging plates
(IP) for the time-resolved SAXS technique especially for oriented systems.
The details of the 2D detector are presented in Chapter 4. In Chapter 5 I
discuss static observations of oriented structures jn the block copolymer set
at the cessation of shear deformation. in Chapters 6 and 7, the orientational
change of the microdomains, ordered in lattices, was observed in situ with
the 2D detector system during shear deformation and after cessation.
Moreover, dynamic measurement synchronous to shear deformation was
carried out, in Chapter7. The rheological properties ofordered mScrodomains
were also measured in situ during the deformation and after the cessation of
the deforrnation (Chapter 7).
     In this thesis I intend to show how rich in research topics block
copolymers are. The topics covered here are only a part of them, but spread
over phase transition, pattern formation, topology of interfaces, mechanical
property and str'ucture control. Although the studies presented here are far
from a complete understanding of the complex system, the cornbination of
the rheological technique and the structure analysis by SAXS, especially
with the 2D detector system, is proved to be effective in the study of block




Studies ofMicrodomain Structures in Block Copolymers
     In 1976, Chung and Gale reported the first observation of rheological
order-disorder transition (ODT) in the melt of a polystyrene-btock-
polybutadiene-block-polystyrene triblock copolymer. L Since then, the ODT
in block copolymers has been a fascinating subject for many researchers.
The phenomenon cannot be explained by a linear viscoelasticity theory and
is considered to be related to a cooperative phenomenon in a cornplex ]iquid.
I investigated the ODT in a triblock copolymer by means of smal1-angle X-
ray scattering (SAXS) as well as a rheological technique and discuss the
results in Chapter 1. The employment of the two techniques sheds some
light on the ordering process of the block copoiymer. in the remaining chapters
of Pait I, I present the studies of detailed analyses of microdomain structures
and the novel morphological structures in block copolymers as revealed by
SAXS and transmission electron microscopy.
Reference




Order-Disorder Transition and Ordering Process of
a BIock Copolymer as studied by Small-Angle X-ray
       Scattering and Rheelogical Methods
1-1. Introduction
     B1ock copolymers at temperatures belovv the ODT temperatures (T...),
form highly ordered morphologies with spatially periodic composition
fluctuations (domains), while above ToDT, the copolymer molecules are
randomly mixed in a disordered state, Block copolymer phase transitions
are weakly first order.i Roe et ai.2 and Hasimoto et al.3-S were the frrst groups
to use scattering techniques for observing structural changes in block
copolymers near the TeDT, SAXS data on their diblock copolymer revealed
that secondary peaks, showing long-range order, disappeared as the ToDT
was approached. The first-order peak intensity dropped to a weak intensity
level relevant to the broad scattering maximum from disordered melts which
was difficult to detect at short counting times for the X-ray scattering, It has
also been well-established that the order-disorder transition affects the
mechanical properties.9[i4 The long relaxation modes, as observed in the
dynamic moduli at low frequencies, dropped significantly when heating
through the ODT. Bates and coworkersi5•'6 reported an interesting evolution
of low-frequency dynamic mechanical properties above the Tori. of a diblock
copolymer. The oTdered sample showed an extended power law relaxation
region at low frequencies with G' = G" -- toO'S. The dynamjc mechanical
behavior was in good agreement with consecutive small-angle neutron
6
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scattering measurements on the sarne diblocks.i7
     Han et al,'8 studied SAXS and rheology of a triblock copolymer near
ODT and found the corresponding To..'s to be in agreement with each other.
Simi1arly, Koberstein et al.i9 studied the ODT of a triblock copolymer and
suggested a temperature difference of -45 K between T... by SAXS and
To.. by rheology. This might be atuibuted to composition fluctuation effects
on the scattering measurements. Using SAXS and rheology, StUhn et at.2e
observed a single ODT for a low molecular weight diblock copolymer (nearly
symmetric composition). The transition behavior was symmetric in heating
and cooling.
     This chapter is concerned with the ordering of a strongly microphase
separating triblock copolymer which forms cylindrical domains of the minor
component in a continuous.matrix of the major component, The cylinders
arrange in a highly regular hexagonal lattice. The local order is defined by
the direction of the cylindric"al domains and by the orientation of the lattice
planes. In the as-cast sample, the order is uniform within grains of •- 1 pm,
but the directors of domains and lattice planes vary randomly from grain to
grain.
     In the following, I wiH distinguish between (1) the single-phased or
disordered structure, (2) the microphase-separated structure (local
concentration fluctuations; formation ofhexagonal lattice; microdomain scale
•-
50nm), (3) the grain network stnJcture (grains of uniformJy ordered structure,
•-
 lpm, and random director change from grain to grain; continuity of PS
domains across grain boundaries), and (4) the long-range order in which
domain orientation and lattice orientation are uniform throughout the sample






     Polystyrene-block-polyisoprene-block-polystyrene (SIS) (designated
                              '
as SIS-56) was prepared by anionic polymerization in cyclohexane using
sec-butyllithium as initiator and the antioxidant 2,6-di-tert-butyl-4-
methylphenol. The 1 ,4-content is 95 mol 9o (909o cis, 59o trans) and 5 mol 9o
are 3,4 units. The number average molecular weight, M, = 56 OOO, was
determined by membrane osmometry and the heterogeneity index M./M, =
1.1 by GPC where M. is weight-averaged molecular weight. The weight
percent composition is 24.3 9e polystyrene and 75.79o polyisoprene by i3C
NMR, giving an equilibrium microphase•-separated morphology of
hexagonally packed cylinders of polystyrene (PS) in a polyisoprene (PI)
matrix (evidenced by TEM and SAXS). The PI chains are much above and
the PS chajns are much below their entanglement molecular weight.
    The polymer was dissolved in toluene to form ca, 10 wt.% polymer
solution and cast into film on a glass plate at room tempe.rature by slowly
removing the solvent for 1 week, Thin polymer film of about 5oo ym thickness
was obtained. To further remove the solvent and the residual stresses
introduced in the casting process, the film was vacuum-dried at 120 OC for
24 h. The thin film was cut into 3 mm-wide and 40 mmi-long ribbons. The
ribbon-shaped film specimens were stacked in a 4 mm-thick pile, and then
used for the SAXS measurements.
8
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1-2-2. SmalL-Angle X-ray Scattering
X-ray beam
One-dimensional








Figure 1-1. Experimental aJTangement for the SAXS
experiment showing schematically one-dimensional
PSPC, and the line-focused X-ray irnage perpendicul ar
to the surface of a stack of thin-film specimens. The
scattering intensity distiibution parallel to the film surface
is measured (designated as "through configurationi").
sensitive proportional counter (PSPC). Line-focused Cu Kor radiation (7L,=
e, 154 nm) was used. The SAXS profiles were corrected fer absorption due
to the sarnple, the air scattering, the background scattering arising from
thermal diffuse scattering due to density fluctuatjons, and slit height and slit
width smearings.Zi The absolute scattered intensity was obtained by the niÅëkel
foil method.24
     The SAXS profiles were measured for through configuratiens (the
incident X-ray beam is perpendicular to the film surfaces and the scattering
intensity distribution parallel to the fiim surface is measured; see Figure 1-1),
and in situ as a function ef temperature from 30 to 180 OC by incremental
heating, using the temperature enclosure as described elsewhere.5 The
solution-cast film prepared as described above was used as a starting sample.
The profiles at each temperature were obtained in situ with about O.8-1,5 h
of exposure to the X-ray beam on samples preheated for O.5 h, to ensure
thermal equilibration.
     SAXS experiments




of a 12-kW rotating anode
X-ray generator, a graphite
crystal for incident beam
monochromatization, a
1.5-m camera, and a one-
dimensional position-
9
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1-2-3. Rheometry
     Dynamic mechanical properties were measured with parallel plate
geometry using smal1--amplitude oscillatory shear (y = O.03) by RDS-7700,
Rheometrics Co. Ltd., USA. Three different types of dynaJnic mechanical
measurements were chosen to characterize the ODT of SIS-56: temperature
sweeps at constant frequency (a) = O. 1 rad/s), isothermal frequency sweeps
over four decades of frequency (O.O1 radls Åq ul Åq 1oo radls), and isothermal
time sweeps at constant frequency (tu = O.1 radls). Isothermal data were
shifted both horizontally and vertically using the time-temperature
superposition principle for the high-frequency end of the data. Shifting was
performed vvith the interactive IRIS software.as
1-3. Results
1-3-1. 0DT Determination by SAX]S
     The relative SAXS intensity, I, vs the magnitude of the wave vector,
q, observed at various temperatures is shown in Figure 1-2(a),(b), where q is
defined as
q = (4Tt/X) sin(e/2) (1-1)
X and e are the wavelength of the X-ray and the scattering angle, respectively.
    The initial morphology after solution casting consists of hexagonally
packed cylinders of PS in a PI matr'ix. The cylinders align with a coinmon
director within grains. The director varies randomly from grain to grain
herewith, producing a macroscopically isotropic structure. From the SAXS
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Figure 1-2. SAXS intensity profiles for heating (a) from 30 to 130
OC, and (b) from 130 to 180 OC. (1) 30, (2) 80, (3) 100, (4) 110, (5)
120, (6) 130, (7) 140, (8) 150, (9) 160, (IO) l70, and (1 1) 180 OC.
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to be as follows: e = 21.8, 39.1, 45.8, 59.8, and 68.4 min which have a
relation of 1, V3, V4, V7, and V9. This is typical for d-spacings of a
hexagonally close packed array of cylinders with sufficiently long-range
order, The intercylinder distance (laFtice parameter) was calculated to be
28.1 nm. A cylinder diameter of 14.5 nm can be calculated from the lattice
pararneter and the volume fraction ofPS, assuming a complete segregation
of the constituent copolymer chains in their respective domains,
     As the temperature was increased (Figure 1-2(a),(b)), the higher order
intensity maxima gradually disappeared and for T 2 140 OC only the first-
order maximum could be observed. However, it would be premature to regard
these profries at T 2 140 OC as those in the disordered state. The higher order
maxima attributed to the regularity in the microdomain structures are known
to become very weak in the vicinity of the ODT.
     For SAXS measurements, earlier findingsS26 suggest that the ODT can
be characterized in two ways, the fust one based on the Landau-type mean
fjeld theory developed by Leibler in the context of the random-phase
approximation,27'3i and the second one based on the Ornstein-Zemike theory.32
     (i) From Figure 1-2(a) characteristic size D can be estimated both for
the spatial segmental density fluctuations in the ordered state and for the
thermal segrnental density fluctuations in the disordered state,
D = 2iclq. (1-2)
where q. is q at the scattering angle e. of the fust-order maximum. In the
disordered state, this D or q.is independent of temperature except for minor
changes due to the temperature dependence of the radius of gyration (R,) of
polymer coils, i,e.,
12
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While in the ordered state, D or q. depends on temperatureS
D - T'B (ordered) (14)
The transition from TO to Tirs behavior characterizes the ODT.
     (ii) An alternative way to characterize the ODT involves the intensity
measurements at any given q near q. as a function of temperature. The
intensity depends on xN, and if x is written as found in inost experimental
results,
x=A+B/T (1-5)
where A and B are constant values, then Leibler's Landau-type mean field
theory predicts that, in the disordered state, I'i(q) linearly decreases with
increasing T-i,
I'i(q) - T'i (disordered) (1-6)
The deviations frorn eqs 1-3 and 1-6 are attributed to a consequence of an
onset of the microphase separation and the microdomain formatien. It was
suggested that these two types of deviation should be simultaneously utilized
to determine ODT,33
     The results of D and I-i(q) as a function ofT-' are shown in Figure 1-3
for q = q' = O.278 nm'i, the wavenumber for the scattering maximum in the
profile at 180 OC. Notice that there is a regime where D is independent ofT
                               13
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while I"(q) linearly decreases with increasing T'!. Deviations from the
relations expressed by eqs 1-3 and 1-6 were observed at 130 OC S T S 140
eC. This crossover temperature corresponds to the order-disorder temperature
(T..,)• ln comparison, higher order maxima had been observed in the profile
at 130 OC in Figure 1-2, which means SIS-56 at 130 OC is still in the ordered
state. Thus, from both Figures 1-2 and 1-3 the ToDT was evaluated to be
between 130 OC ÅqTS l40 OC,
     It should be noted that a smal1 curvature or a weak deviation from the
linearity of I" with respect to TJi is seen in the plot of I'] vs Ti at T År 130 OC
(broken curve in Figure 1-3). This confTirrns findings of Bates et al.3"•35 and
Almdal et al.36 on other block copolymers. The curvature or the deviation
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Figure 1-3. Inverse SAXS intensity (O) and
characteristic size, D (A), vs inverse
temperature plotted to determine the ODT,
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from the 1inearity is atuibuted to the finite size effect proposed by Fredrickson
and Helfand.i However, it is emphasized that this effect is small compared
to the deviation from linearity at T S 130 OC, i.e., below ODT.
1-3-2.








as shown in Figure 1-4
during heating from 130 to 140 eC,
the temperature increased above
magnitude as the disordered phase was develop
it was a good assessment that the ODT occurred near 135 eC.
     Figure I-5 shows reduced master curves of the elastic moduli over
several decades of frequency determined from isothermal frequency sweeps
shifted to a reference temperature of 160 OC. We assume that the high-
frequency G' and G" were unaffected by the order-disorder transition and
that they could be used to determine the horizontal and vertical shift factors
a. and b. as plotted in Figure 1-6. The vertical shift was very smal1 (b, " 1).
Low-frequency moduli, for instance at a) = O.1 rad/s as used in Figure 1-4,
changed by about 2-3 orders of magnitude. From Figure I-5, it is obvious
ODT Determination by Rheometry
                               We observed the occurrence ef
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 Figure 1-5. Master curves for heating with
 T., = 160 eC. Slopes of2 and 1 are indicated
 as a reference in the low-frequency region.
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 Figure 1-6. Shift facto[s, a, and bT vs inverse
 temperature, T.f= 160 ec.
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 that there is a material
 characteristic frequency (•-100
 rad/s for SIS-56 at 160 bC) belovv
which a typical drop of G' and
G'" due to the ODT can clearly
be seen. Therefore, most
emphasis was placed here on the
low-frequency G' and G" data.
The microphase-separated
sample (top curve in each of the
graphs of Figure 1-5) has
relaxation modes over a wide
frequency range, much beyond
the experimentally accessible
range. The disordered sample
(bottom curve in each of the
graphs of Figure 1-5) has a
characteristic relaxation time
which is fairly short (-- 10'` s). Its
terrninal zone dominates nearly
half the accessible frequency
window. The entanglement
plateau, vvhich is typical for
melts of high molecular weight,
begins to show at the highest
frequencies in Figure 1-5.
16
                                                      Chapler 1
1-3-3. 0rdering Processes Encountered by Quenching from Disordered
State to Ordered State
1-3-3a. Rheological Observation
     A sample was heated to 160 eC and then ceoled through the To.T at a
rate of -2 Klmin. The low-frequency G' and G'' were measured as a function
oftemperature (Figure !-7). The cooling curve significantly differs from the
heating curve as one sees by comparing Figures 1-7 and 1-4. The orde[ing
process as observed by low-frequency G' and G" does not appear to be
instantaneously reversible but is orders of magnitude slower than the
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Figure 1-8. Isotherrnal tjme sweep at T= 125
OC andi cD = O.I rad/s after heating above ODT.
Isotherrnal frequency sweeps were talcen after
70 min, 160 rnin, and 11 h as marked by 1, 2,
and 3, respectively.
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disordering process.
     In a separate annealing
experiment, sarnples were rapidly
cooled through ODT and then held
isothermally at 125 eC. G' and G"
at to = O.1 rad/s were monitored
(Figure 1-8) for 11 h until they
finally returned to their initiat
values of the as-cast samples. In
the same experiment, three
frequency sweeps were performed
at selected times, as indicated by
the arrows on Figure 1-8: after 70
min, 160 min, and 11 h. The
corresponding data in Figures
from 1-9 to 1-11 clearly show the
slow recovery of the low-
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Figure 1-IL Frequency sweeps at T= 125 eC after anealing for I 1 h.
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1-3-3b. SAXS Observation
    SAXS measurements started out with preheating an as-cast film to
125 OC for 30 rnin. Subsequently, the sample was heated to 160 eC and
annealed for 30 min, where the SAXS profile was measured for 1 h. Then,
the sample was quenched to 125 OC, by quickly transfening the cell to another
temperature enclosure at 125 OC. Temperature equilibrium was attained in
less than 1 min. The SAXS profiles were measured during the ordering process
at 125 OC as a function of time; see Figure 1-12.
     Figure 1-12 shows the profiles measured from O to 20 min (curve 2),
from 13 to 14 h (curve 3) after quenching, together with the profrle measured
in situ at 125 OC after heat-treating the as-cast film at l25 OC for a long time
so as to achieve equilibrium (curve 1), and that at 160 OC (curve 4). Although
not shown here, the profiles obtained from 40 to 60 min and from 2 to 3 h
after quenching were identical to that shown by curve 2, The time changes
of the peak intensity and the half-width at half-maximum (hwhm) for the
scattering maximum after the quenching from 160 to 125 OC are given in
Figure 1 --13, vvhere the solid Iines show the corresponding quantities after
heat-treating the as-cast film at 125 OC. The results shown in Figures 1 -- 12
and 1-13 clearly indicate that the microdomain formation and the lattice
ordering as observed by SAXS are quite rapid, occurring within the first
time frame of 20 min. The directions of the fluctuations and the lattice planes
are random. A slight broadening of the scattering profiles and a decrease of
the peak intensity occurred very gradllally after 3 h, The origin of this gradual
change of the scattering profiles is not understood at present, but it might be
related to a long-range reorganization into the grain structure which was
probed by rheology. The sample morphology does not seem to return to the
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minutes in 8) (.6.) for I-h SAXS scattering profile shown
in Figure 1-12. Two horizontal reference lines show the
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14-1. 0DT Determination during Heating
     The ODT gave rise to gross changes in the elastic modulus near the
ToDT. During the transition, the time-resolved low-frequency rheological
properties changed so rapidly that even "point" measurements were affected.
The magnitude of this experimental problem can be estimated with the
mutation number37
N .A,lit
 m" ga (1-7)
g stands for the quantity to be measured in the transitory experiment and eg/
at is the rate of change of this quantity (here, g stands for either G' or G"). At
= 2z/tu is the experimental time for obtaining a single data point. For an
acceptable measurement, the mutation number should be O. 1 or smaller for
both G' and G", which is not the case during the temperature-induced
transition. This is the origin of the Iarge scatter in both the G' and G" transition
data (Figure 1-4), At high temperatures, beyond the ToDT, the rate ofchange
was smal1 and the G'' data became acceptable again while G' was orders of
magnjtude smaller than G" so that it could not be resolved any more. The
scatter in the G' data (not the G`' data) expresses this limited resolution of the
experlment.
     Figure 1-5 shows the linear viscoelastic behavior both above and below
the T,... G' has a plateau region at intermediate frequencies as long as the
polymer is microphase-separated. This plateau is not due to molecular
entanglements (which would remain when heating above ODT), but it is
21
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 indicative of a "grain network structure" formed by continuity of the
 cylindiical microdomains through the grain boundary region. Above the ODT,
 the iow-frequency properties are characteristic ofa liquid-1ike behavior. Both
 the grain network and the domains are dissolved into a disordered melt above
 the T
     ODT'
     In the disordered state (bottom curve jn each of the graphs of Figure 1-
5), the entanglement behavior of the PI midblock seems to be drastically
alterecl by the polystyrene end blocks. The polyisoprene midblock of SIS-
56, with an average molecular weight of •- 42 OOO, has an entanglement
behavior which differs substantially from that efpure PI chains of the same
length, A difference in plateau modulus is not noticeable (not enough high-
frequency data on SIS-56 to confum), but the molecular relaxation dynamics
is somehow changed so that the entanglement region is shifted to much higher
frequencies or shorter times. A pure chain of PI with the same molecular
wejght would have a characteristic relaxation time -1oo times larger than
that of SIS-56,
     The second special feature of the disordered SIS-56 melt is the
broadening of the spectrum between about l02 Åq ul Åq 10` s'i. The spectmm of
a nearly monodisperse homopolymer melt, such as the disordered SIS-56,
would be cut off at the beginning of the entanglement plateau,38 while the
disordered SIS-56 has been observed to have additional slow modes, The
characteristics of these slow modes will be explored further in the near future.
     The disordering process as observed by SAXS was also found to be
rapid, and the dissolution of the microdomains was found to occur withjn
nllnutes after a temperature jump from an ordered state te a disordered state
for other block copolymer systems.3t6•7•38 The SAXS results are in good




1-4-2. 0rdering Process during Cooling
     After quenching below the To.., suffTicient anneaiing must be performed
to establish the fully developed grain network structure. The required
annealing time is shortest at an intermediate annealing temperature, since
the molecular mobility is decreased with decreasing temperature while the
thermodynamic driving force for microphase separation increases with
decreasing temperature, and vice versa. 125 O C was found to be a suitab!e
intermediate temperature for our sample when aimealmg at rest. The dynamic
rrioduli grew in a sigmoidal curve (Figure l-8) which resembles a nucleation
and growth process, similar to crystallization kineti'cs, which has been
theoretically developed to describe the ordering process as a homogeneous
nucleation and growth process for symmeuic diblocks.-i9 Rosedale and Bates'6
also observed such rheological behavior using a diblock copolymen
     The ordering process seems to have two different time constants, a
short characteristic time for the structure which is probed by SA[XS and a
Iong characteristic time for the structure which is probed by rheology. The
ordering as observed by SAXS is completed within the first 20 min after
quenching while the ordering as observed by rheology requires -1 1 h. The
apparent difference reflects different length scales at which the two methods
tend to detect space-time organization ofblock copolymers in the microphase
separation process. The SAXS data are more sensitive to the microdomain
formation (local concentration fluctuations), i.e. time evolution of the order
parameter in the ]ength of the lattice parameter. On the other hand, the
rheology is more sensjtive to the grain network formation and annihilation
of defects in the grain boundaries. The twe data sets combined give a picture
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in which the microdomain formation occurs rapidly on the domain scale, but
the long-range structure reorganization resulting in the grain network
formation requires a much longer time scale.
     independently, and in parallel to this study, Schuster and Sttihnsco also
observed two time scales for the structuring, however, for a low molecular
weight diblock. This suggests that the observed phenomenon is of a more
general significance.
1-5. Conclusion
     SAXS and rheology probe the morpholegy at very different length
scales. SAXS measurements provide detailed stmctural information on a
10-nm scale. Low-frequency dynamic mechanical measurements are mostly
affected by the 1-pm-scale grain morphology. Rheology locates the transition
somewhere between 130 and 140 OC in good agreement with the SAXS
results, The ODT can best be measured in a heating scan since the disordering
occurs rapidly on all length scales. On the other hand, the ordering transition
depends on the size of the structure and it will appear delayed depending on
the scale of observation. During the quiescent ordering process (no flow) at
125 OC, SAXS measurements detected well-separated microphase domains
within 20 min (first frame) while G' and G" show that formation ofequilibrium
grain morphology takes many hours.
     The drop of Iow-frequency G' and G" values at ODT is much larger
for SIS-56 than for diblock copoiymers as investigated in' other Iaboratories.
Otherwise, the ODT has a very similar effect on relaxation dynamics and the
involved time scales. This is rather surprising since the underlying
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Paraci ystalAnalyses ofa Lamellar Microdemain Structure
            by Small-Angle X-Ray Scattering
2-l. Introduction
    As described in Chapter 1, block copolymers form highly regular
microdomain structures in the ordered state.' The morphology (size and shape
of the microdomains) depends on the molecular weight, the composition,
temperature, thermal history and the ordering process.2• -3t`• 5p6 Since the typical
size of the microdomains is of the order of 10 nm, smalI-angle X-ray scattering
(SAXS) and neutron scattering (SANS) are usefu1 for the structure analyses
as shown in Chapter 1.
    In Chapter 1, it was shown that the grain boundaries, i.e,, the defects in
the crystalline lattice formed by the microdomains affect the mechanical
property. In Chapter 2, I pick up a lamella-forming block copolymer and
investigate its spatial arrangement as evaluated by uniformity of the
mierodomains in the directions perpendicular and parallel to the interface. I
characterize in detail the distribution of the lattice spacing and that of the
single domain thickness by SAXS as well as their persistence lengths by
TEM. The SAXS profile was thoroughly analyzed by one-dimensional
paracrystai model with a uniaxial orientation with respect to the film normal
which will be also described in this chapter.
    The paracrystal rnodel I describe in this chapter is also used for
analyzing the SAXS data in Section 2-2, the experimental methods in Section
2-3, and results and discussion in Section 2-4.
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2-2. Paracrystal Modelfor Lamellar Microdomains
and its Scattering Formulae
The alternating lamellar morphology of A-B type diblock polymers,
e.g. A and B being the domains comprising polystyrene (PS) and
poly(ethylene-alt-propylene) PEP, is represented by an assembly of
alternating disc-like particles of A and B. In Figure 2-1 the spatial electron












Figure 2-1. Schematic representation of the spatial distribution of
the electron density p(r) in a direction normal to the lamellar interface.
designate, respectively, average electron densities of A and B lamellae. This
structure can be regarded as a one-dimensional paracrystal. The diameter or
the lateral persistence length W of the lamellae is found to be much larger
than the average thickness LA of one ofthe lamellae A or the average lamellar
spacing D for the typical lamellar microdomains of the block copolymers in
the strong segregation limit.3
In the earlier work,? the scattering formula for the lamellar
microdomains was derived by extending the one-dimensional paracrystal
30
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theories of scattering originally proposed by Hosemann et al.8 and refined
by Blundell et aU and others to the case in which the assembly axis of the
discs is preferentially oriented with respect to the film normal. In the case
when W » D, the observed scattered intensity along the ftlm normal, J(h), is
given by
(2-1)
where h is the magnitude of the scattering vector h defined by h = (4nl
A)sin6, Aand 26 being the wavelength of the X-rays and the scattering angle,
respectively. In eq 2-1, h- 2 is the Lorentz factor associated with the orientation
distribution of the assembly of the discs7 and I (h) is the scattering per singlep
lamellar assembly along its axis, the axis being assumed to be normal to the
flat interface of the disc. Note that the relationship between Ip(h) and J(h)
given by eq 2-1 is valid, irrespective of the degree of orientation.7•lo Ip(h) is
given by
(2-2)
where f is the scattering amplitude of one of the discs A CPS domain) given
by
(2-3)
and Z is the lattice factor describing the statistical character in the spatial
distribution of the centers of the discs. Using Hosemann-Bagchi paracrystal
distance statistics,8 Z is given by
31
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(2-4)
In eq 2-3, LA is the thickness of the A disc and (j is a parameter characterizing
the thickness of the diffuse boundary of the disc, 11.12 (j = 0 corresponding to
the sharp interface. The characteristic interfacial thickness,3.4~, is defined as
t, = (21t)In cr (2-5)
and corresponds to the integral breadth of the smoothing function which
characterizes the density profile across the interface. The angular bracket in
eq 2-2 indicates an average of f or 1£12 with respect to a distribution function
PL(LA) for the disc thickness LA'
PL(LA) = (21ta2L/ Jn exp[-(LA - LA)2 !2(j2L), (2-6)
where LA and aLA are the average thickness and its standard deviation. In eq
2-4, the factor IFI is given by




D and liD are the average lattice spacing (interdisc distance) and
corresponding standard deviation, respectively. The distance statistics assume
a Gaussian function for a distribution of D,
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In eq 2-2, Ie is the zeroth-order scattering intensity, reflecting scattering
from the assembly as a whole embedded in a medium, and N is the number
of discs in the assembly. As in earlier work,1J we assume the following
distribution function PN(N) for N:
PN(N) ={exp[ - (N - NW2crN2]}
x{ L exp[-(N-N)2I2crN2]}-', (2-10)
where N and PN are thg'"herage number N and the corresponding standard
N= I
deviation, respectively.
Since PD(O) and PL(LA) are independent and Gaussian, the standard
deviation crLB for the B disc is given by
Note that the volume fraction of K disc is given by
<PK =L K I 0 (K =A or B).
(2-11)
(2-12)
Therefore one can determine such structural parameters as 5, g, LA' 0L/: tl'
N and ON by best fit of the experimental and theoretical curves. In this work,
a line collimation rather than a point collimation was used to obtain the SAXS
proftles. The smeared SAXS intensity profiles along the film normal measured
with the slit X-ray image parallel to the film surfaces were compared with
the corresponding theoretical smeared intensity I(h). From the best fit of the
experimental and theoretical smeared scattering profiles, we attempted to





The polystyrene-block-poly(ethylene-alt-propylen) (SEP) used is the
diblock copolymer of PS and PEP, which was obtained by the hydrogenation
of polystyrene-block-polyisoprene diblock copolymer. The specimen SEP-
34/130 has M
n




= 1.5 and <Pps =0.34. Since the content
of 1A-linkage of the precursory polyisoprene chain was found to be close to
100%, the PEP chain, which was obtained by the hydrogenation of the
polyisoprene chain, is expected to be an almost perfect alternating copolymer
of ethylene and propylene comonomer units.
Thin polymer films of about 50 ~m thickness was obtained from ca. 5
wt. % toluene solution in the same manner as described in Chapter 1. In this
chapter, the as-cast film was used for the SAXS measurement without heat
treatment.




were performed with the
apparatus described in
Chapter 1. 14 The SAXS
profiles were measured by
the incident beam with the
line-shaped image for the
edge configuration, Le.,
the incident X-ray beam










Figure 2-2. Experimental arrangement for the SAXS
measurements showing schematically one-dimensional
PSPC and the line-focused X-ray image parallel to the
surface of a stack of thin-film specimens. The scattering
intensity distribution perpendicular to the film surface is
measured (designated as "edge configuration").
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urface and the cattering inten ity di tribution perpendicular to the film
urface was measured· ee Figur 2-2.
2-3-3. Transmission Electron Microscopy
Tran mi ion electron micro copy (TEM) w conducted on the
ultrathin ection of ca. 50 nm thickne liced from the a -ca t pecimen
u ing a Reichert-lung Ultracut E ultramicrotome with a cryogenic unit FC
4E. The thin ection were picked up on 400-me h copper grid and tained
with ruthenium tetraoxide (Ru04) vapor pr pared by the method reported
by Montezino et al. 15 TEM wa performed at 100 kY with a Hitachi H-600
transmi sion electron micro cope u ing a tilt p cimen holder.
2-4. Results and Discussion
PEP matrix. Clo e examjnation
lamella epp to be about 0.33.
The ob erved SAXS
lamellar morphology a a one-
dimen ional a embly of the PS
lamellae in the medium of th
of the micrograph revealed the
volume fraction of the PS
Figure 2-3 how a typical TEM micrograph which clearly exhibit
alternating microdomain of the lamella compri ing the PS block chain and
that compri ing the PEP block chains. The PS lamellae are electively tained
and appear a a dark phase under
TEM. We can con ider the
Figure 2-3. Tran mi ion eleclron micrograph
of an as-casl film of SEP-34/130. The poly Iyrene




profile of the as-cast film of SEP-341130 at room temperature is shown in
Figure 2-4 by the data points where the absolute smeared scattered intensity
was plotted semilogarithmically as a function of scattering vector h. The
SEP-34/130
2 As-Cast 30 DC Edge View
.-.. ~ Smeared Data - Background.........M~ D =99.0 nm6
~ g = 0.08
(.) $P5 =0.325II)
"i) aLA = 0.85 nm
'--'
-
tr = 0.20 nm
.0
'00 4c:: 4II)













h [ nm -l ]
Figure 2-4. The observed SAXS profile for SEP-341I30 (data points), the
best-fitted calculated profile (solid profile marked 7) being obtained using
the values for the structural parameters as indicated in this figure. The
particle scaltering factor (P) and the lattice scattering factor (L) are also
included in the figure. The profile for the particle scattering factor is shifted
along the ordinate to avoid overlap. The scattering maxima labelled by
thin arrows numbered 2, 4 and 5 are due to the secondo, fourth-, and fifth-
order Bragg diffraction maxima from the lauice, while those labelled by
thick arrows numbered I to 5 are due to the first- to fifth-order maxima
from the single PS lamellae.
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solid curves in Figure 2-4 will be discussed later.
The profile was measured by the one-dimensional PSPC under the
following conditions. The incident X-ray beam with a line-shaped flux was
irradiated parallel to the film surfaces (S) of a stack of thin-film specimens,
and the scattered intensity from the stacks in a direction normal to the film
surface was detected by the PSPC as sketched in Figure 2-2. Scattering
experiments which were conducted separately with a point-focused X-ray
beam and a two-dimensional detector with a beam parallel to the film surfaces
as showed in Figure 2-2 a high degree of orientation of the lamellar interfaces
parallel to the film surfaces, as reported for the lamellar microdomains
observed for the solvent-cast films of polystyrene-block-polyisoprene diblock
copolymers.~· D. 16 Thus the slit-height smearing does not strongly perturb
the scattered intensity profile.
The experimental SAXS profile exhibits several peaks over the h range
covered in this experiment (0.10 < h < 1.20 nm- I). However, the profile
appears to be quite different from that observed for typical lamellar
microdomains which shows a series of higher-order scattering maxima at
positions of integer multiples of that of the first-order maximum. It comprises
the maxima labelled by the thin arrows numbered 2, 4 and 5 and those labelled
by the thick arrows numbered 1 to 5 in Figure 2-4.
From a TEM investigation, the average lamellar spacing D was
estimated to be ca. 100 nm. Thus the peak at h = 0.126 om-I (labelled with a
thin arrow numbered 2) corresponds to the second-order maximum of the
lamellar identity period 5 and those at h = 0.248 and 0.308 nm- I (labelled by
thin arrows numbered 4 and 5, respectively) to the fourth- and fifth-order
maxima, respectively. Then the broad peaks labelled with the thick arrows
numbered 1 to 5 observed in the region h > 0.27 nm" I may be interpreted as
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a series of higher-order maxima arising from the single lamellar particles
with a narrow size distribution.
In order to interpret the origin of the several peaks of SEP-34/130,
numerical calculation of the scattering profile was performed using the
paracrystal theory. The solid curve marked T represents the best-fitted
calculated profile, while those marked Land P represent, respectively, the
lattice scattering factor Z, given by eq 2-4, and the particle scattering factor
<ltl2>, given by eq 2-3 and eq 2-6. In the numerical analysis of the scattering,
the lamella composed of PS chains was taken as an A-type lamella and the
lamella composed of PEP chains as a B-type lamella or a medium for A
lamellae. It clearly shows that the theoretical profile based on the one-
dimensional paracrystal model can describe the observed scattering profile
well. The best fit yields such structural parameters as is =: 99.0 (5) nm, <Jlps =
0.325 (5), g = 0.080 (5), aLA = O'ps =: 0.85 (5) nm, t) = 0.20 (5) nm, N = 10 and
aN :::: 5, where $ps is the volume fraction of PS lamellae and O'ps is the standard
deviation for the thickness distribution of PS lamellae. Thus it turns out that
the numerical analysis based on the one-dimensional paracrystal is quite
useful for characterizing the lamellar microdomain. The values N and aN
which primarily affect the zeroth-order scattering were not assessed with
high accuracy because the intensity data at h < 0.10 nm' I cannot be rigorously
evaluated.
Comparisons of the theoretical profiles T, P and L with the experimental
profile clearly show that the several broad scattering maxima appearing in
the region h > 0.27 nm' I and marked by the thick arrows numbered 1 to 5 in
Figure 2-4 are attributed to the particle scattering of a single lamella. These
maxima appear as a consequence of the following two factors: (i) the lattice
factor is damped out to unity at larger h values (i.e. h > 0.38 nm· l ) because of
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the large paracrystal distortion factor g ( == m!D :::: 0.08 or ~D :::: 7.92 nm);
and (ii) the maxima due to the single particle persist up to high h values
because of its small thickness distribution as manifested by cr / L = 0 02PS PS .
or crps =0.80 nm, where Lps is the average thickness of PS lamellae given by
D¢lps ::::: 32.2 nm.
The volume fraction Q>ps = 0.325 (5) determined by paracrystal analysis
is of very high accuracy since the determination of D and r itself is of highps
accuracy owing to the existence of the corresponding multiple-order
diffraction maxima. This value of Q>ps agrees quite well with that estimated
(¢lPS.VOI) by volumetric consideration of the SEP block copolymer assuming a
complete segregation of PS and PEP into corresponding lamellar
microdomains. The value of ¢lps,vol was estimated using the following equation,
together with the weight fraction of PS, wps:
(2-13)
where the mass densities Pps and PPEP of pure PS and PEP are assumed to be
1.06 and 0.86 g cm- 3, respectively. The agreement between the two values
m sand m implies that the solvent used (toluene) is nearly neutral for PS
't'p 't'PS.vol
and PEP. The lamellar microdomain which is expected to be formed at
polymer concentrations Q>p higher than a certain critical concentration, $P.c
may be maintained with the effective volume fraction of PS relative to that
of PEP kept nearly constant during solvent evaporation to result in the one in
bulk.
Let us discuss an important and striking factor in the microdomain




viz, the structure in which the polydispersity of the PS lamellae is smaller
than that of their repeat distances. Figure 2-5 sketches four possible spatial
arrangements of the alternating lamellae of A (the black PS domains) and B
(the white PEP domains). Figure 2-5(a) represents both thicknesses of A
and B lamellae and hence the interlamellar distance D has a narrow
distribution with (JLI\ILA=: (JLBILB =: g « 1, so that both the particle and lattice
factors maintain the scattering maximum up to high h values and the net
scattering profile is expected to show the higher-order diffraction maxima
due to the single lamellar spacing D at the scattering vector h, corresponding
to integer multiples of that of the first order. In this case, it is expected to be
difficult to assign the series of the maxima to those due to the single lamella.
Figure 2-5(b) shows both A and B lamellae with a uniform size but with a
coherently wavy character. If the persistence length W along the interface is
much larger than LA' the domain structure observed at hW ~ 1 is expected
to be essentially identical to that shown in Figure 2-5(a). The JEM micrograph
shown in Figure 2-2 suggests that the domains have the property W » LA' It
is an interesting problem, however, to explore the effects of the wavy domain
with W == LA on the scattering profile. Figure 2-5(c) corresponds to the
situation encountered in this experiment where the domains satisfy the
relationship eq 2-14. Even in this case the domains satisfy the condition W)}
LA' The greater distortion in the interlamellar spacing compared with the
distortion of the thickness of the A lamella gives the observed unique
scattering profile in which the Bragg diffraction maxima are damped faster
than the scattering maxima due to the single lamellar particle A. Finally,

















Figure 2~5. Various models for the alternating lamellae of A (PS lamellae) and B
(PEP lamellae). (a) Both A and B lamellae are straight and have narrow thickness
distributions. (b) A and B lamellae are cOherently wavy and have narrow thickness
distributions. (c) A and B lamellae are incoherently wavy and A lamellae have a
narrow.thickness distribution, giving rise to a broad thickness distribution of B
lamellae. (d) A and B lamellae are incoherently wavy and polydisperse in thickness.
which gives rise to the scattering profile with both the Bragg diffraction
maxima and the particle scattering maxima rapidly damped with increasing
h. Thus, in this case, we also do not expect the existence of the scattering
maxima from the single lamella.
In order to obtain an insight into the physical factors giving rise to the
interesting structure associated with the relation given by eq 2-14, we
investigated the effect of annealing the specimen on the structure parameter
according to the following scheme. The as-cast film was heat treated at a
temperature T
3
for 30 min, followed by SAXS measurement at Tn for I h.
After the measurement, the same film specimen was subjected to the heat
treatment at a higher temperature of Tn' for 30 min, followed by SAXS




covered are 298 (as-cast), 393,453,483,503 and 523 K. The SAXS profiles
were subjected to paracrystal analysis, part of the results being summarized
in Figure 2-6 where 0' /L (for PS lamellae), O'L /La (for PEP lamellae) and
LA A B














Figure 2-6. The temperature dependence of dimensionless
quantities O"L !LA' O"L fLB, and g (= ADID).A B
It is clearly shown that annealing at 393 K, above T of PS lamellae,g
gives a large decrease in O'LB/La and hence g, but no change in O'L/LA
indicating that the distribution in La was intensively relaxed by the annealing.
Therefore a part of the large distortion of O'L !La or g is due to a kinetic effect
B
encountered during solvent evaporation. At higher temperatures, TD~ 423K,
the parameters tend to increase with T, which is believed to be a
thermodynamic effect, i.e. due to a decrease in the segregation power. I Thus
even in the regime where the system is close to thermodynamic equilibrium,
there is a tendency for O'LAILA< O'LB!La' viz, the larger domain tends to fluctuate





Solvent-cast thin films (-50 /lm) of a lamella-forming diblock
copolymer (SEP-341l30) was studied in detail by SAXS. The SAXS profiles
displayed a series of peculiar scattering maxima which cannot be ascribed to
the higher-order diffraction maxima from the one-dimensional lattice of the
regular lamellar structure. These SAXS profiles were analyzed by a one-
dimensional paracrystal model with a preferential orientation. We obtained
the results that these maxima are attributed to the higher-order scattering
maxima of the particle scattering factor from single lamellar microdomains
and that the relative standard deviation for the distribution of the polystyrene
lamellar size is much smaller than that of the lamellar spacing. Thus the
SAXS result was interpreted as being due to a bending distortion of the
polystyrene lamella with a smaller thickness and a narrower thickness
distribution than those of the poly(ethylene-alt-propylene) lamella. The
unique structure gives rise to a situation where the oscillation of the particle
factor with scattering vector h persists up to high h (magnitude of h) values
while that of the lattice factor damps to unity at low h values. A study by
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Novel Morphology of Three-Component,
Three-Arm, and Star-Shaped Block Copolymers
3-1. Introductioll
In Chapters 1 and 2, formation of microdomain structures and detailed
analyses of the structures were presented. The specimen studied there was linear
diblock (Chapter 2) and triblock (Chapter 1) copolymers. For a linear block
copolymer in the strong segregation limit, the morphology formed is solely
described by the relative volume fractions of the two components, as being well
known as "Molau's law", j However, the influence of copolymer architecture on
the formation of the interface, and therefore on the structure of the microphase-
separated state has not been studied well. In this chapter, for a new approach to
create new domain structures which possibly have new properties, a new
molecular architecture is introduced.
There is no doubt about the importance of multicomponent multiphase
polymer systems (or "polymer alloys") in terms of both academic interest and
practical use. Graft and block copolymers were a new class of polymers belonging
to such systems and they gave a great impact to the world when they were first
introduced. The copolymers we introduce in this and the previous papers? ABC
three-arm star-shaped copolymers (hereafter abbreviated as "ABC stars"), are
another new class of polymers. We believe that they will develop a completely
different physical situation and give a great impact again. In the previous paper
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we reported the synthesis techniques of the model ABC stars2 and in this paper
we report the preliminary results of our study on their morphology.
The synthesis and the morphology of the three-arm star copolymers
consisting of polystyrene, polyisoprene and polybutadiene arms named
('miktoarm" (mixed-arm) copolymers were reported by Hadjichristidis and his
coworkers.3.4 However, their miktoarm copolymer and our ABC stars are
essentially different as described below. Our copolymers, ABC stars, are the
asymmetric star-shaped copolymers comprising three arms, i.e., polystyrene,
poly(dimethylsiloxane) and poly(tert-butyl methacrylate), having completely
different chemical natures and hence form three different microphases composed
of each constituent polymer. On the other hand, the miktoarm copolymers consist
of polystyrene, polyisoprene and polybutadiene arms. Since the latter two are
miscible, the copolymers can fonn only two different microphases. Therefore,
they are considered as ((ABB' stars" according to our terminology. The molecular
architectures of ABC stars and ABB' stars are similar, but their difference is not
trivial. The microphase separation of the latter may be similar to that of AB 2
graft copolymers (A polymer grafted onto B polymer).4.5 However, the former
is considered as a new type of polymeric materials and might exhibit entirely
new morphology and physical properties different from existing polymeric
materials such as ordinary graft copolymers and linear block copolymers. 1,6,7 It
will also bring about interesting problems in polymer physics. The reason why
ABC stars are so different and important is discussed below.
It is expected that the characteristic molecular architecture of ABC stars
with the three different arms connected at a single point plays an important role
and this problem must be investigated both experimentally and theoretically. If
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the constituent polymers of the ABC stars are inuniscible each other, they undergo
microphase separation to form three different phases, but the way they form
microdomain structures should be very different from that of AB diblock or
linear ABC triblock copolymers as schematically illustrated in Figure 3-1. In
case of AB diblock copolymers in the strong segregation regime, the chemical
junction points between A and B block chains are always confined on the
interfaces (or in the narrow interfacial regions) between A and B microdomains
regardless of the microdomain morphology (Figure 3-1 (a)). The situation is same
for linear ABC triblock copolymers (Figure 3-1 (b)) although a greater variety of
microdomain morphologies are possible for linear ABC triblock copolymers.8-
14 However, the situation is quite different for ABC stars. When the three
components form their own microdomains, the chemical junction points of the
three arms of ABC stars must be confined not only on the interfaces but also on
the lines where three different microdomain interfaces, i.e., the interfaces between
A and B, between B and C, and between C and A microdomains, intersect each
other (Figure 3-1 (c)). This topological constraint will restrict the microdomain
morphology of ABC stars to very special ones. If the volume fractions of the
three microdomains are all equal, two kinds of regular structures are intuitively
derived: one consists of hexagonal columns of each microdomain and the other
consists of lozenge-shaped columns of each microdomain as illustrated in Figures
3-2(a) and 3-2(b), respectively. But these models are strictly limited to the ABC
stars having exactly the same volume fractions for the three components. What
will be the microdomain structure if the volume fractions of the three components
are not exactly the same? It is not is not easy to answer this question because it is
not only the problem of polymer science but also a new problem in geometry.
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(a) AB diblock copolymer
A domain
(b) ABC liniar triblock copolymer
A domain
B domain
(c) ABC three-arm star copolymer
Figure 3-1. Schematic illustrations of the arrangement ofcopolymer chains: (a)
AB diblock copolymer: the chemical junction points are confined on the interface.
(b) linear ABC tribJock copolymer: the chemical junction points are confined on




Figure 3-2. Possible microdomain structure models for the particular
ABC star having equal volume fractions of the three components: (a)
each microdomain consists of a hexagonal column. (b) each
microdomain consists of a lozenge-shaped column. The chemical
junctions are located on the lines normal to the paper as marked by




A domain B+C domain
(a)
B domain C+A domain
(b)
C domain A+B domain
(c)
Figure 3-3. Schematic illustrations of the arrangement of ABC star
chains: (a) Band C components are mixed to form a single phase.
The chemical junctions are confined in the interfacial region. (b) C




Therefore, we think it is worthwhile to show the results of our observation in this
paper although the structure is not yet clarified.
If the segregation power between Band C components of ABC stars
decreases at high temperatures, B and C might mix to fonn a single phase resulting
in the ordinary two-phase microdomain structures as illustrated in Figure 3-3(a).
In such cases, the ABC stars will behave similarly to AB2 graft copolymers and
the chemical junction points are located in the interfacial region between A
rrUcrodomain and the microdomain composed of the mixture of Band C. Such
an example was reported for the miktoarm copolymers of ABB' type.4.15.16
Change in the temperature may cause further phase separation between B and C
resulting in a microdomain structure of three different phases. If the energetic
cost to form a three-phase structure overtakes the gain in demixing between B
and C, B and C are forced to be mixed. Depending on the temperature dependence
of the pairwise interaction among the three components, transition from the
structure shown in Figure 3-3(a) to that in Figure 3-3(b) or 3-3(c) might take
place when the temperature changes.
The topologically constrained ABC stars are anticipated to have unique
features in the phase transitions as well. The order-disorder transition and order-
order transitions must be intuitively different from those of various linear block
copolymers which have been extensively studied up to now. Thus, we propose
the ABC stars as a truly new class of multicomponent polymers and as a new






Three model ABC star copolymers. S-ZH(222), S-ZH(333) and S-
ZH(444), the synthesis and the purification of which were reported in our first
paper? were investigated in this study. The characterization of these samples are
listed in Table 3-1. The three arms of the copolymers consist of polystyrene
(PS), poly(dimethylsiloxane) (PDMS) and poly(tert-butyl methacrylate)
(PTBMA), each of them having nearly the same weight fraction (but not exactly
the same). Each of the three digits in the parentheses of the sample codes gives
the approximate molecular weight of each component in the unit of 10 kg/mole.
Besides the star-shaped copolymers, some of the corresponding diblock
copolymers, i.e., polystyrene-block-poly(dimethylsiloxane) (PS-PDMS) and
polystyrene-block-poly(tert-butyl methacrylate) (PS-PTBMA) were also prepared
separately or obtained as the aliquots in the synthesis courses of the star~shaped
copolymers. These diblock copolymers were used as the reference material in
the thermal analysis. All the samples were cast at room temperature from solutions
in toluene which is a good solvent for all three components. The cast films were
further dried under vacuum for 1-2 days at room temperature and used for the
experiments.
Table 3-1. Characterization of three-component, three-ann star-shaped copolymers.
Sample code 1O-4Mn(total) Wt% of PSt Wt%ofPDMS Wt%ofPTBMA
S-ZH(222) 5.9 27 37 36
S-ZH(333) 10.0 34 35 31
S-ZH(444) 13.5 36 26 38
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3 R 2-2. Thermal Analyses
The measurements of thermogravimetric-differential thermal analysis
(TG-DTA) were performed on the star-shaped copolymers and the diblock
copolymers in the heating process from 25 to 450°C at the heating rate of 20°C
froin with a Rigaku TAS-200 thermal analysis system. The differential scanning
calorimetry (DSC) was performed on those samples with a Perkin-Elmer DSC 7
calorimeter. The samples were fIrst heated to 200 °C at the heating rate of 20 DC
froin, held at 200 °C for 3 min, and cooled to 50°C at the cooling rate of -320°C
lmin. The DSC data were collected for the second heating cycle from 50 to 200
°C at the heating rate of 20 DC lmin. For the low temperature measurements, the
samples were cooled down to -130 DC and the DSC data were collected for the
heating cycle from -130 to 0 DC at the heating rate of 20°C Imin. Temperature
was calibrated using the melting peaks of indium and zinc.
3R2R3. Transmission Electron Microscopy
The as-cast fIlm specimens were embedded in epoxy resin without pre-
staining. The samples were then subjected to ultramicrotoming into ultrathin
sections of ca. 50 nm thick at room temperature with an LKB ULTROTOME
type 4802A ultramicrotome using glass knives. The ultrathin sections without
any staining were served for the transmission electron microscopic (TEM)




3-2-4. Small-Angle X-ray Scattering
Small-angle X-ray scattering (SAXS) profiles of the as-cast film
, d' th d 'b d' eh 1 17-19speCImens were measure In e same manner as escn e In apter,
The profiles were obtained for the edge (see Figure 2-2) and through
configurations (see Figure 1-1).
3-3. Results and Discussion
3-3-1. Thermal Analyses
The thermogravimetry (TG) curves show the change of the weight of
the samples and thus give the information about their thermal stability. For S-
ZH(222) the weight started to decrease gradually from ca, 200 °e and an abrupt
drop was observed at ca. 260 °e, which coincides with a sharp exothermic peak
in the differential thermal analysis (DTA) curve. This abrupt change of weight is
attributed to the decomposition of PTBMA as the same behavior w'!-s observed
for the aliquot PS-PTBMA diblock copolymer. The observations of weight loss
and exothermic peaks at ca. 200°C due to anhydride formation on thermal
treatment ofPTBMA homopolymers have been reported.20 The thermal stability
decreases with increasing the molecular weight of the ABC stars. For S-ZH(444)
the weight loss became significant above ca. 130 °e. Thus, the annealing of S-
ZH(444) may cause an undesirable change in the chemical structure of the sample
and the TEM observation was limited to the as-cast film.
Figure 3-4 shows the DSC curve of S-ZH(222) for the higher temperature
region. Two endothermic shifts were observed in the thermogram. They are
considered as the glass transition temperatures (Tg) of the PS and PTBMA
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components. Tg(midpoint) evaluated from the DSC curve was 96 and 121°C.
The former is in good agreement with the literature value of T for PSg
homopolymer (100°C) and the latter with that for atactic PTBMA homopolymer
(l18 °C).21 This suggests that the microdomains giving rise to these Tg are
composed of almost pure PS and PTBMA components, respectively. If PDMS
component had been mixed with either PS or PTBMA component as shown in
Figure 3-3, the Tg of the microdomain composed of PS or PTBMA mixed with
PDMS should have been moved to a temperature significantly lower than the Tg
of pure PS or PTBMA, e.g., at -77 or -62 °e, respectively, estimated by using -
127 °e for the Tg of pure PDMS21 and Fox equation:22
T -I T -I .;r -Ig =W 1 gl +w ~ g 2
where Wi is the weight fraction of component j (i =1 or 2) in the microdomain
and T g-l is the Tg of pure component i.
The aliquot PS-PTBMA diblock copolymers exhibited similar DSC
curves as that in Figure 3-4 exhibiting two Tg relevant to PS and PTBMA
microphases, while the PS-PDMS diblock copolymers showed only one Tg
relevant to PS microphase in the DSC curves measured at the temperature range
of 50-200 0c.
The existence of PDMS microdomains in the ABC star copolymer is
further confirmed by the DSC measurements of S-ZH(222) (Figure 3-5(b)) and
the corresponding PS-PDMS diblock copolymer (Figure 3-5(a)) for the lower
temperature region. In Figure 3-5(a) for the diblock copolymer an exothermic








Figure 3-4. DSC curve for the second heating process of S-ZH(222) toluene-cast






Figure 3-5. DSC curves for the healing process ofa. PS-PDMS block copolymer
and b. S~ZH(222} toluene-cast films for the lower temperature region (-120 - 0
gel. The heating ratc is 20 Klmin,
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exothermic peak corresponds to the crystallization of PDMS component and the
two endothermic peaks correspond to the melting of the PDMS crystals
crystallized probably during the cooling process and the heating process. This
observation is in good agreement with that reported for the microphase-separated
PS-PDMS block copolymers by Feng et aI. 23 Their measurement went down to
-150°C which was 20°C below our lower limit and they observed the glass
transition of the PDMS component having a similar molecular weight (Mn =
19,300) as ours at -125°C. Thus, an observation of PDMS crystallization in a
PS-PDMS block copolymer is a strong indication of its microphase separation.
Figure 3-5(b) for S-ZH(222) clearly shows the exothermic peak of PDMS
crystallization at ca. -115°C and the endothermic peak of the melting of the
PDMS crystals at ca. -45°C. Therefore, the PDMS component in S-ZH(222)
must be also forming its own microdomains independently. If the PDMS
component of S-ZH(222) were mixed with one of the other components, PS or
PTBMA, Tg of the mixed phase should be much higher than -115°C (-77 °C for
the PDMS/PS mixed phase and -62°C for the PDMSIPTBMA mixed phase
according to the calculation with eq 3-1) and PDMS would not crystallize at -
liS °C. The existence of pure PDMS microphase is also supported by the absence
of any Tg in the temperature range between -130 and 0 0c. It should be noted that
the crystallinity of the PDMS component in S-ZH(222) is much smaller than
that in the corresponding PS-PDMS block copolymer judged by the area of their
melting peaks. This suggests that the PDMS chains in the microdomains of S-




The OSC results imply that all three components are microphase-
separated and forming their own microdomains in S-ZH(222), having the smallest
molecular weight among the three ABC stars. Since the segregation power
increases with increasing degree of polymerization, it is reasonable to conclude
that the three components, PS, PTBMA and POMS are microphase-separated
also in the other two ABC stars, S-ZH(333) and S-ZH(444).
3-3-2. TEM Observation
TEM observation was performed on the ultrathin sections of the as-cast
films without staining because Si atoms in POMS component give a good
contrast.23 Figure 3-6 shows the typical images obtained from S-ZH(444) for
low (part (a)) and high magnification (part (b»). Since the only element giving
rise to the dark contrast in the images is Si atoms, the darkness in different regions
reflects the content of PDMS segments in the thickness direction of the ultrathin
section. The two-dimensional array of dark triangular patterns exhibits a three-
fold symmetry (part (b». The size of the dark triangles changes from one region
(e.g. the region marked X) to another (marked Y) in part (a) although the
orientation and the spacing (ca. 30 nm) of the periodic structure remain almost
constant. This suggests that the regions X and Y have the same microdomain
structure belonging to a single grain (the region where the microdomain structure
is coherent) but sliced at different positions: the plane normal to the three-fold
axis in the microdomain structure is slightly tilted with respect to the ultrathin
section and that the structures at different levels along the three-fold axis are
seen as the triangles with different sizes (note that the section thickness, ca. 50





Figure 3-6. Tran mi ion electron micrograph obtained from an un tained ultrathin
cction of -ZH(444) tolucne- a t film. a. low magnifi ation. b. high magnificati n.
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microdomain structure has a periodicity along the three-fold axis because if it
did not and were composed of a two-dimensional array of three ldnds of columnar
microdomains as illustrated in Figure 3-2 the pattern should appear the same
regardless of the levels of the slices. This implication is more clearly seen in the
bottom of part (a) (the region marked Z) where another grain composed of the
same microdomain structure with different orientation from that of regions X
and Y is observed.
The appearance of the image in region Z is quite different from the
region X or Y, but the microdomain structure itself is considered to be the same.
It appears so different because the three-fold axis of thi"s grain is significantly
tilted with respect to the section normal. A layer-like (one-dimensional) periodicity
(ca. 50 nm) which is larger than 30 nm is observed. Between the parallel dark
lines dark triangles slightly elongated in the direction parallel to the dark lines
are seen. Thus, the microdomain structure which is periodic also along the three-
fold axis seems to be a complicated stucture. The dark PDMS microphase is
seen to be continuous in three dimensions as no single area is observed without
grayish contrast.
Besides these patterns a variety of patterns were observed in different
areas of the same or different sections. Nevertheless, those patterns are considered
to be originated from a single structure, i.e., they are different cross sections of
the same structure and just reflect the complexity of the structure. It may be
understood from an example shown in Figure 3-7. Parts (a) and (b) are the TEM
pictures obtained from the same area of an ultrathin section (ca. 50 nm thick) of
S-ZH(444) but in part (b) the section is tilted by 25° in the microscope around
the axis indicated by a white broken line. The patterns in the two micrographs
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appear quite differently. The dark triangular patterns become more clear in part
(b).
To summarize, neither of the two simple models as shown in Figure 3-
2 can explain the TEM observations. The dark PDMS microdomain seems to be
continuous in three dimensions. Therefore, it is natural to consider that the
microdomains of PS and PTBMS both appearing bright are also continuous in
three dimensions because the volume fraction ofPDMS is less than 1/3. Although
the PS and PTBMA microdomains are not distinguishable, it is reasonable to
consider that both phases are continuous in three dimensions because their volume
fractions are almost the same. Thus, a complicated but regular microdomain
structure consisting of three continuous networks of different components is
suggested for S-ZH(444).
S-ZH(222) seems to have the similar structure as S-ZH(444). However,
the TEM micrographs are less clear because of the smaller microdomain size for
the smaller molecular weight and because of the overlapping of the structure





Figure 3-7. Tran mi ion electron micrograph obtained from an un tained ultrathin ecLion of
-ZH(444) toluene- t film. a. an area exhibiting variou pallem . b. the arne area a part (a)




Figure 3-8 shows the SAXS profiles obtained for the as-cast film of S-
ZH(444) with two configurations, edge (triangles) and through (circles). The
logarithm of the absolute intensity is plotted against the magnitude of the scattering
vector, q (= (47t1A)sin(812), 8: scattering angle, A: wavelength). The difference
between the two profiles can be attributed to the nonequilibrium effect set in the
film specimen during the casting process. The structural relaxation parallel to
the film surface was hindered by the interaction between the ftlm and the substrate
resulting in the smaller spacing for the edge profile than the through profile.
When the abscissa is normalized by q*, the q value at the first-order peak, the
edge and through proftles can be superimposed on top of each other as shown in
the insertion of Figure 3-8.
The scattering proftles of S-ZH(444) exhibit multiple scattering peaks
at q positions in the ratio of 1, 3112 and 7 112• This strongly supports the existence
of the very regular structure with three-fold symmetry as observed in the TEM
images. The Bragg spacings evaluated from the first-order scattering peaks are
47 nm and 36 nm for the through and edge profiles, respectively. The latter is in
good agreement with 30 nm, the spacing observed by TEM, which is reasonable
because the ultrathin section is cut perpendicularly to the film surface and the
TEM images correspond to the edge profile. Further analysis of the SAXS profiles
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Figure 3-8. Small-angle X-ray scattering profiles for edge (open triangle) and Lhrough
geometries (open circle) obtained from S-ZH(444) toluene-cast film. The insertion




Three-component, three-arm star-shaped copolymers consisting of
polystyrene, poly(dimethylsiloxane) and poly(tert-butyl methacrylate), each of
them having nearly the same weight fraction were investigated by means of DSC.
TEM and SAXS. DSC results exhibiting the glass transition of polystyrene and
poly(tert-butyl methacrylate) and the crystallization and melting of
poly(dimethylsiloxane) strongly suggest the microphase separation of the three
components into three microdomains. TEM and SAXS results strongly support
the existence of the very regular microdomain structure with a three-fold symmetry.
Each of the three components possibly forms a three-dimensionally continuous
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Part II
Dynamic Behaviors ofBlock Copolymers
under Large-Amplitude Oscillatory Shear Deformation
In Part I, I mainly dealt with the static aspects of the interfaces in
block copolymers, such as the determination of the order-disorder transition
temperature and the domain structures, as well as the time-evolution of the
microdomain structures in the ordering process. On the other hand, I will
deal with the dynamic aspects of the microdomain interfaces and structures
in block copolymers in Part II. It is extremely interesting how the molecules
confined in a space of several ten-nanometer scale respond to mechanical
stimulation. Such knowledge may provide us a new insight in the physics of
complex liquids and also a new technique in an industrial application of
block copolymers. Along this line, I will investigate effects of external fields






and Wide-Angle X-ray Scattering Apparatus
Using an Imaging Plate as a Two-Dimensional Detector
4-1. Introduction
I constructed a new two-dimensional (2D) detector for SAXS in order
to make it possible to investigate the behaviors of block copolymers under
mechanical stimuli by X-ray diffraction. In this chapter, I present an
application of an imaging plate, consisting of phosphor crystals
photostimulable by X-ray, as a 2D detector for time-resolved small-angle
X-ray scattering (SAXS) and wide-angle X-ray diffraction (WAXD) studies,
especially designed for a use with a rotating-anode X-ray generator as a
high-intensity X-ray beam source.
The imaging plate (IP) made out of a thin layer of the photostimulable
phosphor crystals BaFBr: Eu2+ of thickness of 150 J.lrn on polyester substrate
film was originally developed for X-ray medical examinations. 1,2 Here I
report an application of IP for time-resolved small-angle X-ray scattering
(SAXS) and wide-angle X-ray diffraction (WAXD) studies. It has also been
applied as a two dimensional detector for X-ray diffraction and scattering in
materials science.3-5
When lP is exposed to scattered X-ray beam, the incident X-ray photons
excite color centers in the photostimulable materials. The number of excited
color centers: is: proportional to the number of incoming X-ray photons.
Thus the generation of color centers corresponds to a recording or writing
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process for the scattered X-ray. When the plate exposed to the scattered X-
ray is scanned by a He-Ne laser beam, it emits a luminescent light whose
intensity is proportional to the intensity of the scattered X-ray photons (reading
process). The luminescent light is detected by a photomultiplier and the
resulting photocurrent is digitized by an analog-to-digital converter (ADC).
The color centers remaining in the plate can be erased by radiation from a
halogen lamp. In this chapter I report a time-resolved SAXS and WAXD
apparatus constructed in our laboratory using this imaging plate together
with some preliminary results obtained using it.
In the past, most time-resolved SAXS and WAXD apparatus have been
constructed using one-dimensional (1 D) or two-dimensional (2D) position
sensitive proportional counters (PSPCs).6-14 The PSPC is an ideal photon
counting device which is especially good at detecting weak X-ray intensity.
However it has the drawback that the counting rate for incoming X-ray
photons is rather low; typically a counting loss greater than or equal to ca.
10% is encountered when the counting rate of the incident photons is greater
than or equal to 104 counts/so For the 2D PSPCs, the position resolution is
usually limited to the distance between anode wires so that the position
resolution is not better than I nun. Then a large detector-to-camera distance
is usually required for a high angular resolution, as in the example of a 10m
SAXS camera.9 As a 2D position sensitive detector, the IP has an angular
resolution of ca. 0.1 nun, much better than 2D PSPC and as good as a 1D
PSPC. The IP is superior to a PSPC in detecting high flux X-ray photons: it
can count up to ca. 2 X 106 counts/(s pixel), where one pixel has an area of
0.125 X 0.125 mrn2. Thus the IP is an ideal detector for SAXS and WAXD






Figure 4-1 shows an outline of the optical system in the SAXS and
WAXD apparatus with the IP system. We use a 18 kW rotating anode X-ray
generator (Sra-MI8XHF, MAC Science Co., Ltd., Japan) which has two
shutters. On one side of the focal spot we set up a SAXS system and on the
other side a WAXD system. The CU-Ka X-ray beam monochromatized by
a graphite crystal (designated as monochro. in Figure 4-1) passes through a
magnetic shutter on both systems. In the SAXS system, the X-ray beam is
collimated by a couple of pinholes or slits. The third slit is used to eliminate
the parasitic scattering from the 2nd slit or pinhole edge. The camera distance
between the specimen and the IP face for the SAXS system is fixed at 1410
mm. In these conditions the maximum scattering vector q attainable is 2.88
nm- 1 where q =(41t/A.)sin(8/2), and eand A. are the scattering angle and
wavelength of the X-ray beam, respectively. The minimum scattering vector
depends on the size of the collimated beam and of the beam stop. The beam
stop is put on a polyester film and placed at 60 nun in front of the IP in the
vacuum chamber, as shown in Figure 4-1. When using a beam stop of 3 mm
diameter, the minimum scattering vector accessible is q = 4.85 X 10-2 nm- l .
In the WAXD system, the X-ray beam is collimated by a pinhole collimator
(diameter 0.1,0.5, 1.0 nun). The camera distance between the sample and
the IP face can be changed from 70 mm to 220 nun. If the camera distance
is 150 mm, which corresponds to the radius of the curvature of the IP plates
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Figure 4-1. Optical alignment of the time-resolved small-angle and wide-angle X-ray scattering system using the Imaging









4-2-2. 2D Imaging Plate Detector
Figure 4-2 shows an inside view of the detector part of the IP system.
The whole detector part is placed in a box which shuts off room light. The
detector has the shape of an octahedral cylinder, and to each face is attached
an imaging plate of 200 rom width and 100 mm height. The IPs have radii of
curvature 150 nun along the OZ axis and infinite along the OY axis. The 2D
scattering pattern recorded on an IP is read out by scanning the laser beam in
the horizontal and vertical directions with a step of 125 /lm, which defines
an array of 800 X 1600 pixels. The plate designated CD in Figure 4-2 is the
IF exposed to a scattered X-ray; the plate opposite to this one faces the reading
device @. We can carry out the writing and reading operations
simultaneously. The He-Ne laser beam ® (10 mW power) is led into the
scanning device @ through the optical fiber. There is a lens at the end of
the scanning device. This lens focuses the laser beam to a size of 70 /lm on
the IP face and collects the photo-stimulated luminescence (PSL) that is
emitted from the IP face when the IP face exposed to scattered X-rays is
irradiated with the laser beam. The scanning is conducted by rotating the
scanning device @), which is shifted continuously along the OY axis. The
radius of curvature of the IP corresponds to that of the rotating scanning
device. It takes 300 s to read out the data from the whole area of the IP of
200 nun X 100 mm. Two photomultipliers (PM I and PM2) with different
sensitivities are used to detect the PSL and to expand the dynamic range in
detecting the PSL: the second PM (PM2) is used to measure intensities of
the PSL that saturate the first one (PMl). The IP thus subjected to the reading
operation is then placed at the erasing position Cl) in Figure 4-2, where
radiation from a halogen lamp erases the residual pattern (color centers) on
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Figure 4-2. Schematic view of the inside of the Imaging Plate (IP) detector which has eight
IPs with their full size of 100 mm x 200 mm. CD The IP in the exposure position for 2D x-
ray scattering pallerns; G) the IP in the erasing position where a halogen lamp (500 W) is
installed; CD a He-Ne laser (10 mW) used as a reading device @); G) (wo photomultiplier
tubes (PMl and PM2) and preamplifiers which detect photo-stimulated luminescent light
intensity emitted from the IP.
the IP. In this way the IP can be used repeatedly. A distortion of 2D scattering
patterns due to the curvatures of the IP was corrected with computer programs
developed in our laboratory. Validity of the correction software was
confirmed by comparing the data with the desmeared scattering profiles
obtained by other detectors.
Figure 4-3 shows a typical procedure of a time-resolved experiment
using the IP. The shifting rate of the IP along the horizontal direction the OY
is 40 mm/s. In the case of an IP being divided into n sections along the OY
axis (n = 4 in the case of Figure 4-3(a)), it takes Sin s to shift the IP from the
center of an exposure section to the next center. The time required to rotate
the IP drum to the exposure position (i.e., rotation from plate no. 1 to next
plate no. 2) is 2 s. The plate to be exposed is changed from no. 1 to no. 8 in
tum, as shown in Figure 4-3(b). When plate no. 1 is irradiated with scattered
7S
Chapler4
X-rays, we can simultaneously read
out the data from plate no. 5 at a
different side. If the reading and the
writing are carried out at the same time
and if the exposure time is shorter than
the reading time (300 s), then the lapse
of time between reading and exposing
is the dead time of the measurement.
Figure 4-4 schematically shows
the principle of the reading procedure
by using two PMs with different
(a)
Figure 4-3. Schematic diagram showing
shifting of the IP detector plane relative to
the incident X-ray source in the time-resolved









Figure 4-4. Method of expanding the dynamic range of the IP X-ray detector system
by using two photomultiplier tubes (PM I, PM2) with different sensitivities. PSL,
photo-stimulated luminescence; HM, half mirror; M, mirror; PAl and PA2,
preamplifiers; MAl and MA2. main-amplifiers; CP, comparator which compares
the intensity measured by PM2 with the reference voltage; SW, analog switch; SH,
sample hold; ADC, AID converter. PM2 is used for high intensity level (4096 -
1048320 level) and PMl for low intensity (0 - 4095 level).
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sensitivities. PM2 has lower sensitivity and PM I higher. The PSL that is
stimulated by a laser beam is detected simultaneously by two PMs through a
half mirror HM and a mirror M. PM2 is used for the high level intensities
and PM 1 for the low ones. The output of the PM2 is amplified through a
preamplifier (PA2) and a main-amplifier (MA2) and compared with a certain
reference voltage level. If the output of the MA2 is higher than the reference
voltage level, the data of the PM2 is used, and if it is lower, the data of PM I
is used. A 12-bits analog-to-digital converter (ADC) is used to digitize the
outputs of the amplifiers and the data is saved in the form of 2-bites binary
(16 bits) adding four bits to the most significant bit. In the case of the high
intensity data obtained by PM2, one digit is weighted with 256. The threshold
between the two PMs is 4096 levels. PM I counts from 0 to 4095 level and
PM2 counts from 4096 to 1048320 level. One level corresponds to 3 X-ray
photons.
Figure 4-5 shows a schematic diagram of the IP system. It consists of
the IP detector, the controller and a personal computer (PC). The PC
(PC980 1RX2) sends the command to the controller through a serial interface
RS232C, and makes the controller execute the writing, reading and erasing
procedures of 2D scattering data and their data acquisition into the memory
area, RAM (random access memory board) and HDD (hard disk drive unit)
having capacities of 8 Mbytes and 40 Mbytes, respectively. The data are
stored in the memory of the PC through an ethernet cable. The data on 100
mm X 200 mm IP occupies a memory of 2.56 Mbytes. A work station or a
university computer connected to the personal computer through an ethernet







Figure 4-5. Schematic diagram showing control of the IP system with
eight IPs and data acqusition (writing and reading) and daIa erasure.
4-2-3. Characteristics of 2D Imaging Plate System
Figure 4-6 shows the linearity and dynamic range of the IP used in this
work. These data were obtained with the SAXS system shown in Figure 4-
1 using a direct incident beam from the rotating anode generator generated
with a power of 50 kV X 200 rnA. The incident beam was collimated by a
pair of pinhole slits (0.5 mm in diameter). The IP was irradiated by the
incident beam for varying exposure time. The relation between the intensity
and the exposure time is shown in Figure 4-6(a). The intensity (level/pixel)
is obtained by dividing the total intensity received on a 7 pixels X 7 pixels
square by the total number of pixels, 49. Therefore the intensity unit is the
level per pixel. The intensity levels off around 8 X 105 leveVpixeI. This
could be due either to saturation of the photo-stimulated luminescence in the
IP with an increasing number of incident X-ray photons or to insufficient
stimulation power of the laser used.
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Figure 4-6. Dynamic range of the IP. (a) Relation between the exposure time
and the intensity measured by the constant X-ray intensity. (b) Relation between
thickness of Ni filter and the intensity measured by PSPC (D,. ) and IP ( 0 ,
D). The data after subtraction of the offset level (electric background and
cosmic rays) from the raw data cO ) are shown by O.
Figure 4-6(b) shows the dependence of the incident intensity on the
thickness of the Ni ftlter through which incident beam intensity was measured
by a PSPC and the IP. The intensities measured by the two detectors are
shown for the same solid angle. The left-hand side ordinate scale is the
intensity measured by the PSPC (in counts per second) and the right-hand
side is that measured by the IP (in level per second). At high incident X-ray
intensity obtained with a thin Ni thickness (thinner than I00 ~m) , the output
of the PSPC is saturated due to a counting loss inherent in the system, but
the IP can measure up to 8 X lOs level/pixel as shown in Figure 4-6(b) i.e.,
up to the intensity level much higher than the PSPC. At lower intensity
measured with a thick Ni thickness (thicker than 200 ~m), the relation
between the intensity measured by IP and Ni thickness begins to deviate
from linearity (see the data shown by squares), because of the offset electric
signal level in the IP system which exists even without X-ray exposure. The
offset corresponds to the intensity level of the electric background and cosmic
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rays. The offset can be measured by reading out the intensity of the IP
detector kept unexposed to X-rays for a given time after erasing. The offset
increases with this resting time. If the correction of the offset level is exactly
made, the intensity of an IP obtained at the low intensity level can be correctly
evaluated, as shown by the data marked with circles. The intensity of the IP
is equal to that of the PSPC jf one level corresponds to 3 X-ray photons.
This correspondence is obtained by taking into account the fact that the
counting efficiency of PSPC with PR gas (Ar + 10% CH4) is about 30%.
The results in Figure 4-6(b) indicates that the IP has a very large dynamic
range at least as large as fjve orders of magnitudes, which is much larger
than the PSPC, and is especially good for the high intensity side. Thus it
should be an ideal detector for synchrotron X-ray studies.
The uniformity of the sensitivity in any position of an IF and among
eight IPs is evaluated from the change of the total intensity stored on a
certain area of an IP. The intensity is measured by irradiating a direct beam
with a constant intensity. If the IP drum is repeatedly driven with a constant
speed from side to side along its horizontal direction (Or direction), a locus
of the direct beam is drawn on the IP. Figure 4-7(a) shows the intensity
variation over the different positions of an IP. The intensity on the same
position of each IF plate was obtained by rotating the IF drum. Figure 4-
7(b) shows the intensity variation among eight IPs. These result show that
the sensitivity is fairly uniform. The sensitivity data were found to be
reproducible and used for further corrections of the detector with respect to
the sensitive distributions.
The position resolution of the IP detector was estimated by measuring
the profiles of the scattered X-ray beam through a fine slit of 20 J.l.rn width,
which is placed 35 rom in front of the IP face. Under the conditions employed,
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the scattered X-ray profile is uniform over the slit width of 20 /lm. Thus if
the IP detector has infinitely fine position resolution, the scattering profile
recorded onto the IP through the slit should be a step function of width of 20
~m. However, the actually observed profile is a Gaussian function with full
width at half maximum (FWHM) equal to 318 /lm as shown by filed circles
in Figure 4-8. This indicates that the position resolution of the IP detector
P(d) is given by a Gaussian function, P(d) =(21tcr2)"lexp(-d2/2cr2) with cr =
135 /lm along the horizontal direction. The resolution is as good as the ID
PSPC detector used in our studies. 12,15 The same resolution function was
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Figure 4·8. Determination of position
resolution of the IF with a slit of width 20
11I11. The position resolution is given by a
Gaussian function with a standard
deviation cr = 135 llm.
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4-3. Time-Resolved SAXS AND WAXD Experiments
in Applied Stress Field
In this section I show some applications of the IP detector for dynamic
SAXS studies under oscillatory and transient stress fields.
Figure 4-9 shows a schematic diagram showing a typical time-resolved
measurement under oscillatory shear strain using the IP system together with
the timing charts of the experiment. This is a system newly developed in our
laboratory in which the IP and the magnetic shutter (MS) are synchronized
with the strain phase of the hydraulic sample deformation device through
PC and controller. Details of the deformation device are described
elsewhere. 12,13 As shown in part (a), the wave signal ® generated from the
PC through the digital-to-analog converter (12 bits DAC) drives the actuator
(DR) and imposes the strain on the sample (SP). The stress and strain are
detected by the load cell (LC) and the linear variable differential transformer
(LV), respectively, and recorded in the computer memory after analog-to-
digital conversion (12 bits ADC). The ADC can convert up to 8 analog
signals. Ordinarily the strain signal is sinusoidal and the strain phase in a
cycle is divided into 64 channels as shown in Figure 4-9(c). Using these
timing charts and operating MS on and off (Figures 4-9(a) for MS and the
control signal @ and 4-9(d) for timing) and shifting the IP drum with
respect to the incident beam (Figures 4-9(a) for the control signal © and.4-
9(e) for timing) synchronously with these timings, we can get, for example,
8 shots of the X-ray scattering profiles (i.e., 2D scattering patterns) in a
strain cycle at every 1tI4 phase as shown in Figure 4-9(b) (see also the control
signal ® in Figure 4-9(a). The stress and strain data are recorded at the
middle point of each 64 phase. This sequence can be easily changed by
82
Chapter 4












Figure 4-9. Schematic diagram showing a typical time-resolved SAXS and WAXD
measurements under oscillatory shear strain using the IP system and the timing charts of
the experiments. SP, sample; LC, load cell; LV, linear variable differential transformer;
DR, actuator; MS, magnetic shutter; ADC, NO converter; DAC, DIA converter.
83
Chapler4
rewriting the parameter file that is initially loaded to the computer.
Figure 4-10 shows the block diagram of the new time-resolved system.
There are two computer systems; one is associated with the IF system (system
I, i.e., the system including computer 1) already shown in Figure 4-5 and
another is associated with the hydraulic sample deformation device and the
analog data acquisition system (system 2 including computer 2). First we
input the exposure time T for 2D X-ray scattering patterns and the number
of strain phase N (at which 2D scattering patterns are recorded) into the IP
system controller through system 1. Then we make System 1 wait for the
shutter open timing pulse from System 2. The IP system is controlled
according to this signal from system 2. For N up to 8, the IP drum moves
only in a rotational direction, as shown in the bottom right comer of Figure
4-11. If N ~ 9, the IP drum should undergo both transverse and rotational
shift, as shown in the bottom left comer of Figure 4-11; one IP should be
divided into an appropriate number such that each division is used to record
the 2D SAXS pattern at a given strain phase. We input the wave form data
(shape, amplitude and frequency) and the data acquisition timing for the 2D
SAXS pattern (through the wave and timing pulse generator) as well as the
analog data (stress, strain incident X-ray beam intensity monitor, and
temperature) into computer 2 in system 2. At the beginning of the experiment,
the strain signal is converted into the analog data and the hydraulic sample
deformation device is driven. The strain is imposed on the sample. System
2 controls the shutter opening pulse from DAC according to the program.
Receiving this signal, System 1 opens the shutter and a SAXS pattern is
measured on the IP for a fixed time. Immediately after the measurement, the
IF is shifted to the next position. Again system 1 waits for the shutter opening
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Figure 4-10. Block diagram showing the new time-resolved SAXS and WAXD
apparatus with IP and the analog data acquisition system. The IP system is
controlled by the signal from the hydraulic sample deformation device.
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patterns on appropriate positions of the IP synchronously with strain phase
over one cycle or repeatedly over M cycles to improve statistical accuracy
of photon counting.
Figure 4-11 shows an example of timing charts used for a transient
experiment. When the strain is rapidly imposed on the sample at time t, X-
ray scattering patterns and the analog data are detected at the time of each
sampling timing pulse © and ® in Figure 4-11. After exposure, the
exposed face is shifted according to the timing signal © for shifting the IP.
In the bottom part of the Figure 4-11 there are two examples of the IF-drum
displacements. One is the transverse and rotational shift. Another is the
rotational shift only. In the former example, the IP is divided into several
parts, e.g., four. Then the size for a 2D scattering pattern is 50 nun wide X
100 mIll long. Since the shifting speed in the transverse direction is 40 mmJ
s, it takes 1.25 s to shift from one exposure area to the next. After four
exposures, the IP must be rotated to the new plate; no. 2. It takes 2 s. Again
four exposures are performed on the new IP, and then the IP drum is rotated
to the new IP. This action is repeated by the computer program. As there
are eight plates in this system, we can get a maximum of 32 patterns in this
case. The right-hand side in the bottom of Figure 4-11 shows an example of
simple rotational shift.
Figure 4-12 shows the timing charts of the oscillatory experiment using
a sinusoidal strain signal. In this case, 2D X-ray scattering patterns and
analog data are obtained at every eight strain phase, among the 64 phases of
one strain cycle. IP is driven by rotational shift only and the data obtained at
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Figure 4-11. Example of timing charts used for a transient experiment and
schematic representation of how the IP detector is shifted. 1. The transverse and
rotational shift. 2. The rotational shift only.
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Figure 4-13(a) shows the time-evolution of SAXS patterns measured
in situ during the isothermal crystallization of a crosslinked cis-l,4-
polybutadiene rubber at draw ratio A=2.5 and crystallization temperature Tc
=-10°C. In this experiment, the rubber with crosslinking density 1 X 10-4
1/ 3 121617 f' hmo em ., was lrst stretc ed at room temperature and subsequently
cooled rapidly to -10°C for the isothermal crystallization. The SAXS patterns
were taken as a function of time. Each profile was measured with a 300 s
exposure to X-rays. With increasing crystallization time, the two-point pattern
oriented toward the stretching direction (SD) appears about 500 s after the
crystallization. The two-point pattern shifts toward higher angles and the
peak intensit"y increases with time. This indicates that, during the
crystallization, the long period decreases as a results of the number of lamellar
crystallites with time and that lamellar crystallites are regularly stacked with
their lamellar nonnals oriented parallel to the SD. It is worth noting that the
equilibrium crystallinity of the rubber at Tc = -10°C is very low, ca 20% and
hence the SAXS patterns have only weak intensity. Yet the SAXS patterns
can be detected with a high sensitivity with this IP system.
Figure 4-13(b) shows the excess scattering pattern at 2130 s after onset
of the crystallization which was obtained by subtracting the scattering pattern
of the molten rubber at room temperature from the pattern in Figure 4-13(a) at
2130 s. The presence of the long period in the SAXS pattern is more clearly
seen in Figure 4-13 (b) after the correction for the background scattering.
From this figure we can get the azimuthal angle dependence of the excess
scattering patterns as shown in Figure 4-13(c). From such studies we can



















Figure 4-13. (a) A typical change in SAXS patterns measured in ilU during the i othermal
cry tallization of the cro linked cis-I,4-polybutadiene rubber at draw ratio A. =2.5 and
cry tallization temperature Tc =-10°C. (b) Exee scattering pattern obtained at 2130 s
after onset of the crystallization which was obtained by ublracting the scattering pattern
of the molten rubber at room temperature from the pattern of 2130 s in (a). (c) Azimuthal
angle dependence of the exce cattering pattern (b) integrated with re peet to q.
from the beginning of the cry tallization. Further detail of the studie will
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Small-Angle X-ray Scattering Studies
ofa Cylinder-Forming Block Copolymer
under Large Oscillatory Shear Deformation
5-1. Introduction
In this and the following chapters, the effects of mechanical stimuli on
block copolymers were studied. In this chapter, I investigated the orientational
change of the microdomain structures in a block copolymer after cessation
of the deformation by the static measurements of SAXS with a two-
dimensional detector presented in Chapter 4.
We used the same specimen as that employed in Chapter 1 which has
cylindrical microdomains. As described in Chapter I, we will distinguish
between (1) the disordered structure, (2) the microphase-separated structure,
(3) the grain network structure, and (4) the long-range order in which domain
orientation and lattice orientation are uniform throughout the sample (-1-
nun scale). A sample with such long-range order has been termed "single
crystal".
Macroscopic orientation is achievable by flow. Keller et al.,'
Hadziioannou et al.,2 Pakula et al.,3 Morrison et al.,4.5 and Almdal et al.6,7
demonstrated that shear can align the grain morphology and produce a "single
crystal" structure. Long-range order can also be achieved by extensional
flow. 8 In this study, we will use large-amplitude oscillatory shear (LAOS),
which has been shown to generate a high degree of domain orientation.2
LAOS was chosen since it can be applied slowly over long periods of time
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and under good temperature control.
The strains for flow~induced ordering should be fairly small. A large
imposed strain tends to disrupt the structure.8.9 Large strains have been found
to lower the shear viscosity in molten triblocks since they reduce the ratio of
bridge to loop molecules; i.e., they reduce the probability of bridge molecules
between separate domains and favor loop molecules which have both ends
in the same domain. 1o These phenomena will be avoided here by choosing
strains which do not exceed 4 shear units.
To date, techniques to produce long-range order have been mostly
limited to applying deformation in the microphase-separated state. Shearing
while cooling through ODT and below has been employed by Almdal et aU
for their study of ordering transitions in diblock copolymers.
Our approach is to thermally quench the sample from the single-phase
state and anneal it at a constant quench depth ~T just below ODT. Shearing
is started immediately after the quench, and it is continued during annealing
over a long time period. Shearing aligns the microphase-separated domains
while they are growing. This structuring technique exploits the microphase-
separating ordering kinetics, which is slowed down by the relatively high
molecular weight of the polymer. After shear modification, both the rheology




as SIS-56) which is identical to the specimen used in Chapter 1, having an
94
Chapler 5
equilibrium microphase-separated morphology of hexagonally packed
cylinders of polystyrene (PS) in a poly isoprene (PI) matrix. The PI chains
are much above and the PS chains are much below their entanglement
molecular weight. TODT of the specimen was evaluated to be between 130 <
T::; 140°C in chapter 1. Cast films described in Chapter 1 was used for the
experiments.
5-2-2. Small-Angle X-ray Scattering
SAXS experiments were performed with the apparatus described in
Chapter 4. Two-dimensional SAXS was used for studying the order in the
sheared samples. The SAXS patterns were corrected for sample absorption
and air scattering. A newly developed image enhancement technique recovers
higher order maxima. This will be discussed in conjunction with the results.
5-2-3. FUmeometry
Dynamic mechanical properties were measured as described in Chapter
1 by RDS-7700, Rheometries Co. Ltd., USA. Data analysis is also explained
therein.
5-2-4. Transmission Electron Microscopy
The microdomain morphology of the SIS-56 specimen was investigated
on the ultrathin films stained by osmium tetraoxide. Transmission Electron
Microscopy (TEM) observation was carried out in the same manner as




5"3"1. Shearing at Constant Quench Depth
The as-cast material was mounted in the RDS-77oo and heated to 160
°C for 20 min in order to establish the disordered state. The sample was then
cooled (at --5 K/min) to a temperature below the TODT and held there while
large-amplitude oscillatory shear at a low frequency, w = 0.01 rad/s, and a
shear strain amplitude, Y= 4, was applied. The required shearing time varied
depending on the temperature. The four quench temperatures used were 125
°C for 10 h, 110°C for 10 h, 100 °C for 4 h, and 80 °C for 2 h. The shear-
induced domain orientation was investigated with birefringence, TEM, and
SAXS, all done on room-temperature-cooled samples. Figure 5-1 shows the
SAXS pictures of the 110°C sample.
On the basis of the quiescent structuring observations, we first chose
125 °C as the annealing temperature for LAOS. However, no macroscopic
orientation was seen, and even more importantly, there was no long-range
order in the TEM image. The shearing process seemed to have disturbed the
delicate microphase separation process. As the temperature for shearing was
lowered, the driving force for phase separation increased and domain
orientation was seen at an annealing temperature as low as 80°C. An optimum
temperature for the LAOS structuring seems to be -110 DC. It provides
sufficient molecular mobility and sufficient thermodynamic driving force
for microphase separation.
Figure 5-1 contains the SAXS patterns taken along all three principal
directions of the sample after LAOS at 110°C. The pattern in Figure 5-1 (a)
is the diffraction intensity distribution in the plane passing through the origin







Figure 5-1. SAX pattern after LAOS at 110 0c. Pattern (a)-( ) were btained with the
incident X-ray beam parallel to the 1-,2-, and 3-axe f the hear flow, re pe tively.
Figure 5-1(b) belong to the axe 1 and 3 and the pattern in Figure 5-I(c) to
the axe I and 2. More rigorou Iy, the pattern in Figure 5-I(c pre umably
belongs to the plane parallel to axi I and line c. With the beam parallel to
the flow direction, the l-axi Figure 5-1 (a) how a very harp ix-point
pattern from (100) planes, indicating that the cylinder are aJigned in the
flow direction and packed with hexagonal ymmetry in the plane
perpendicular to the flow direction. Higher order diffraction from (llD)
(200), (210) and (300) were made vi ible by the following enhancement
procedure: II
l. We divide the pattern into everal concentric circle a i
demon trated in Figure 5-2 0 that each of the concentric circle contain
diffraction from equivalent plane .
2. The maximum inten ity within each circle i normalized to l. Then
parts of the pattern with inten ity level between 0.5 and I are hown by
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concentric circles white color and the rest of the
pattern is printed black
(binarization). This allows
comparison of intensity levels
within each circle, but excluded
comparisons of intensity levels
between different circles.
spot-like intensities
The shape and intensity of
the spots shown in Figure 5-1(a)
are not perfectly symmetric. This effect is also seen in the patterns of Figures
Figure 5-2. Schematic of the diffraction pattern in
Figure 5-1 (a). The relative intensities of (100),
(110). (200). (210), and (300) diffractions are
approximately 1000:20:3 :2: I.
5-I(b),(c). The slight asymmetry oftbe pattern is due to the slightly imperfect
alignment of the specimen. The pattern was found to be very sensitive to
how the specimens were cut from the sheared sheet and how they were
mounted into the X-ray beam.
This same enhancement technique was also applied with the beam in
normal and radial directions, the 2-axis and 3-axis views, respectively. Parts
(b) and (c) of Figure 5-1 show only equatorial scattering normal to the flow
axis I, confirming that the cylinders are well aligned in the flow direction.
The equatorial distribution in the pattern in Figure 5-1 (b) corresponds
to the intensity distribution along line b in Figure 5-1 (a). While (100)
diffractions can be seen in the pattern in Figure 5-1 (b), the corresponding
diffraction cannot be seen along line b. However, this does not mean that
there is no (I (0) diffraction along line b. In fact, the (1 (0) diffraction intensity
on line b is stronger than that of (110), though it is weaker than the (100)
diffraction spots in off-equatorial positions. The fact that the (100) diffraction
appears in Figure 5-1 (b) and that its intensity is stronger than the (11 0)
diffraction intensity is due to the orientational distribution of the hexagonal
98
h pIer 5
lattice around axi 3J' Along line c,
the 100) diffraction i about 50
time tronger than the (110)
diffraction. ThereC r ,ev n a mall
fraction of cylinder with their
primitive lattice vector 3, aligned
parallel to the 2-axi may give ri e
to (100) diffraction which are
dominant to the (110) diffraction ,
even if the major fraction of the
lattice plane have an orientation as
Shear Dilection
0( )0
hown in Figure 5-1 (d).
The equatorial inten ity
di tribution in the pattern in Figure
5-1 (c) corre pond to the inten ity
di tribution along line c in Figure
5-1(a). Peak po ition of the (100)
diffraction are not ymmetric, and
thi a ymmetry i al 0 een along
Figure 5-3. TEM of room-temperature sample lin e c in patte rn (5 - I (a)). We
after hearing al 110°C; arne ample a for attribute thi a ymmetry and al 0
Figure 5-1.
the fact that (I 10) and (210)
diffraction are found in addition to the (100) and (300) diffraction to the
imperfect alignment of the ample again t the X-ray beam.
The periodic tructure can al 0 be een in TEM; ee Figure 5-3. The
cylindrical domain how a light undulation.
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5-3-2. Linear Viscoelastic Properties of the Single Crystal
Linear viscoelastic measurements were made before and after LAOS.
Frequency sweeps for the single crystal structure and isotropic structure
(microphase well-separated) are shown in Figures 5-4 and 5-5, at 120 and
130 DC, respectively. The high-frequency values of G' and Gil are not affected
by the ordering process; i.e., these values are about the same for the single
crystal structure and the as-cast morphology. At intermediate frequencies,
the alignment somewhat reduces G' and increases Gil when sheared in the
direction of the cylindrical domains. However, the differences are quite small.
The largest differences are seen at the lowest frequencies since the crossover
to the terminal zone was shifted (shortening of the longest relaxation time of
the plateau regime). The terminal zone itself is outside the experimental
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LAOS is uniquely suited for slowly orienting the growing domains
during microphase structure formation. The stress and strain vary sinusoidally,
applying only high stress and strain for part of the cycle. As the cylindrical
domains start to form and grow, the flow field supplies enough energy to
influence the direction of domain formation. The cylindrical domains formed
in the direction of flow give rise to smaller stresses than the domains
perpendicular to flow, as we saw on separate measurements with a SBS
triblock copolymer (not reported here). This lets us believe that the structuring
is due to the merging of domains which are aligned with the flow direction
and that these aligned domains remain unaltered by the flow. Newly formed
small domains of different orientation can gradually reorient with the shear
flow. The growth of large perpendicular domains, which would have to be
broken up before aligning in flow direction,8 are believed to be suppressed
by the shear.
The cylindrical domains order into a hexagonal lattice structure. As
was seen on SBS,8 LAOS on SIS-56 has a strong tendency for aligning the
(100) hexagonal lattice planes normal to the 2-axis of the shear flow; see
Figure 5-1. The cylindrical domains in these lattice planes are part of the
shear surfaces of the imposed shear flow. The favoring of this lattice alignment
lets us conclude that it requires the lowest energy during shearing. A surface-
induced ordering cannot be excluded, but it is highly unlikely for a sample
thickness of 1 mm.
The flow-induced order is quite high, as can be seen by the narrow
arcs of the diffraction patterns in Figure 5-1. If it were perfect as shown in
Figure 5-1(d), (100) diffractions should not be seen in Figure 5-1(b) since
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the (100) planes do not satisfy the diffraction conditions. However, we found
(100) and (210) diffractions in addition to the (110) diffractions. This is
attributed to slight imperfections in the order and to difficulties in specimen
alignment with the X-ray beam.
It was quite unexpected that a shearing temperature near TODT ( -10K
below) did not give sufficient structuring while a lower temperature produced
the desired structuring effect. It seems that the development of the rnicrophase-
separated structure was suppressed or kept at extremely small scale by the
LAOS and the room-temperature quenched samples showed no noticeable
order in TEM and SAXS. However, even in the event that shear disturbed
the microphase separation at 125 °e, the microphase separation should have
developed a microdomain morphology after cessation of shear flow and
during cooling of the specimen. Such microdomain morphology did not show
under TEM. This compares to an earlier observation in which application of
strong mechanical disturbances to a similar system at T > 120 °e, such as
constant shear stress to large strains (y> 20), permanently altered the degree
of microphase separation.5
5-5. Conclusion
The rapid microphase separation and the slow development ofextended
domains provide suitable conditions for shear alignment of the developing
morphology. Shear flow prescribes the direction in which the cylindrical
domains prefer to grow and hexagon planes prefer to align. The director is
uniform for the growing grain morphology; i.e., grain boundaries are avoided.
The flow-induced ordering is optimum at an intermediate temperature. The
temperature must be sufficiently far below TaDT so that induced microphase
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separation is strong, but the temperature must also be high enough to maintain
sufficient molecular mobility. The suppression of microphase separation by
shearing at small quench depth is an unexpected result which was not the
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Small~Angle X~ray Scattering Studies
ofa Lamella~Fonning Block Copolymer
under Large Oscillatory Shear Deformation
6~1. Introduction
According to the result in Chapter 5, large-amplitude oscillartory shear
(LAOS) is uniquely suited for slowly orienting the growing domains during
microphase structure formation, and has a strong tendency for aligning the
(100) hexagonal lattice planes of cylindrical microdomains parallel to the
shear plane. The experiment was conducted in the weak segregation limit
near order-disorder transition (DDT) temperature. In this chapter, the
specimen having lamellar microdomains was subjected to a large amplitude
of sawtooth type oscillatory shear strain in the very strong segregation limit
far below the order-disorder transition temperature, and in situ observation
during the shear deformation and during relaxation upon cessation of shear
was carried out with a 2D detector described in Chapter 4.
Investigation of the self-assembly of block copolymers (self-assembling
processes and mechanisms, and structures self-assembled in equilibrium or
non-equilibrium) provides a fascinating research theme in statistical
mechanics of complex fluids. The investigation is important also from a
viewpoint of controlling "nanopattern", as the copolymers can form ordered
patterns of a nanometer scale. Most of the works along this line so far have
been done for the copolymer systems without applied fields.!,2 An extension
of the above studies for the systems subjected to applied fields provides a
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theme one-step advanced; it involves intriguing problems on open, non-
equilibrium systems. Steady-state or transient nanopattems developed are
expected to be extremely rich in their varieties.
The effect of flow on such nanopattems as lamellar and cylindrical
morphologies was fIrst demonstrated by Keller et al.3 They showed it gives
rise to highly aligned lamellae or cylinders for polystyrene-block-
polybutadiene-block-polystyrene (SBS) copolymer melts. Subsequently,
Hadziioannou et al.4 obtained comparable results with polystyrene-block-
polyisoprene (SI) and polystyrene-block-polyisoprene-block-polystyrene
(SIS) using oscillatory shear deformation. These studies were extended to
detailed studies on the deformation behavior of the block copolymer
microdomains as studied by TEM, SAXS and birefringence.5,6 More
recently, there have been many experimental reports published on the shear-
induced orientation of cylindricaP-ll and lamellar rnicrodomains. 12•13 The
shear effects are also discussed on lattice orientation and deformation of the
spherical microdomains. 14,15 The shear affects the phase transition also, as
reported on the shear-induced disorder-to-order transition. 16,17
In this work I focus on the effect of large amplitude oscillatory shear
deformation on orientations of lamellar microdomains developed in a
polystyrene-block-poly(ethylene-alt-propylene) diblock copolymer (SEP).
The effect of shear deformation or flow on the lamellar rnicrodomains was
previously reported by Koppi et al. 12 and Winey et al.!3 They reported the
unique "perpendicular orientation" of lamellae under the reciprocating shear
deformation at high frequencies and at temperatures (T) close to but below
the order-disorder transition (ODT) temperature (TODT)' or the normal
"parallel orientation" of lamellae at the same T but at the low frequencies or
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shearing at a low temperature or in
an even high segregation regime
develops a biaxial orientation of
lamellae as shown in Figure 6-10. It
is also important to note that all our
SAXS data, except those shown in
Figure 6-11, were obtained in situ
during the shear deformation and
during relaxation upon cessation of
shear, whereas previous works
reported l2,l3 were not done in situ,
involving additional processes such as
effects of large-amplitude shear
deformation on a lamellar orientation:
Figure 6-1. Optical setup of the SAXS
apparatus used in this work where an
imaging plate (lP) was used as a 2D
detector. The Cartesian coordinate OXYZ
is defined such that OX and OZ are parallel
to the incident X-ray beam and the vertical
direction of the apparatus, respectively,
except for Figure 6-11 in which the beam
was irradiated along OX, OY and OZ. A
sawtooth type large-amplitude oscillatory
shear deformation with a frequency of
0.0149 or 1 Hz is imposed with the shear
displacement vector parallel to the OY axis.
The unit vector n nonnal to the specimen
surfaces is set normal to the OXY plane. e
and J.l are a scattering angle and an azimuthal
angle, respectively.
at T far below TODT irrespectively of frequencies. The perpendicular
orientation shows the lamellar normals I preferentially oriented parallel to
the neutral axis of the shear deformation (OX axis), while the parallel
orientation shows I preferentially oriented parallel to the shear gradient
direction (02 axis) (see Figure 6-1). Koppi et aI. reported the experiments
at T =356K for a PEP-PEE block copolymer having TOOT =369 K (TffOOT
=0.97 or XODTIX =0.98) or at T = 423 K for a copolymer having TODT =564
K (TITODT = 0.75 or XOOT/X = 0.78), while Winey et al. reported the
experiments at T = 371 K and 417K for a S1 diblock copolymer having TODT
= 425K, corresponding to TfTODT = 0.87 or XODT/X = 0.79, and TffoDT =
0.98 or XOOT/X =0.97, respectively.
In this Chapter, I aim to report
a new class of information on the
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cooling, cutting and mounting the sample specimens having been subjected
to the shearing at a given T and frequency f for the SAXS and SANS (small-
angle neutron scattering) experiments. Only a few scattering
experiments 10. 15-17 have been carried out in situ, despite the necessity of
doing the in situ experiments to avoid any artifacts encountered by the
additional processes. Here we shall report some of our initial experimental
results, especially anomalous biaxial orientation of lamellae, The detailed
interpretation of the reorientation mechanism will be left as a future work.
6-2. Experimental Section
6-2-1. Specimen
The SEP sample (designated as SEP-34/32) was kindly supplied from
Kuraray Co. Ltd., Japan. It was prepared by selective hydrogenation 18 of
the polyisoprene block of a precursor SI diblock copolymer prepared by
living anionic polymerization. It has a number-average molecular weight
Mn = 3.2xl()4, heterogeneity index MwlMn = 1.5 where Mw is weight-
average molecular weight, and weight fraction of PS of 0.37. The
polyisoprene block before hydrogenation had a microstructure rich in 1,4-
linkage (95 %). Film specimens were prepared by the solution-cast method
with toluene as described in Chapter 1. The films thus obtained were dried
under vacuum at 30°C until a constant weight was attained, and subsequently
annealed at 30 °C for 2 days, prior to the use for real time and in situ studies.
6-2-2. Dynamic SAXS Apparatus
2D small-angle X-ray scattering patterns from the sheared specimen
were obtained with the imaging plate (IP) system. The details of the IP system
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was reported in Chapter 4. 19 The Cartesian coordinate OXYZ is defined
such that the OX- and OZ-axes are parallel to the incident X-ray beam and
the vertical direction of the apparatus, respectively.
The oscillatory shear strain was imposed on the film specimen as shown
in Figure 6-1. The specimen was subjected to a large amplitude of sawtooth
type shear strain y with amplitude Yo::: 50 % and frequency f =0.0149 or 1
Hz at a temperature T = 105 or 130°C (y varies between ± Yo)' The specimen
surfaces are set parallel to OXY plane with the specimen normal n parallel
to the OZ axis, and sandwiched between two metal plates with the shear
displacement direction along OY axis. Unless otherwise stated, the incident
X-ray beam was irradiated parallel to OX axis and the shear strain y= dy/dz
existed in the plane OYZ. The oscillatory deformation was driven by a
hydraulic deformation apparatus whose details on the computer-controlled
data-acquisitions and the machine-operations were given in Chapter 4. 15,20
We employed the graphic enhancement technique for 2D SAXS patterns
described in Chapter 521 in order to facilitate a visual inspection of their
higher order maximum intensity distributions with respect to an azimuthal
angle Jl also defined in Figure 6-1.
6~2~3. Transmission Electron Microscopy
Transmission electron microscopy (TEM) was conducted in the same
way as described in Chapter 2.
6-2-4. Rheometry
Dynamic mechanical properties and stress relaxation of the specimens




6-3-1. Characterization of Undeformed State
Figure 6-2 how a typical TEM micrograph obtained from SEP-34/
32. It how a mo aic tructure con i Ling of grain of lamellar microdomain
with different orientation. The bright phase corre ponds to the microdornain
compo d of poly(ethylene-alt-propylene) block chain (PEP), while the dark
phase corre pond to that of poly tyrene block chain (PS) selectively tained
0.5 flm
I I
Figure 6-2. Typical TEM micrograph for undeformed SEP pecimen ultramicrotomed
and tained with Ru04' The micrograph how the grain tructure who e grain-boundary
tructure i given by Scherk' fir t urface.
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by RU04. This specimen contains a numerous number of grain boundaries
with various types of interesting TEM images, whose details were analyzed
and discussed elsewhere22 for a similar SEP system showing the lamellar
microdomain morphology.
An average grain size is roughly estimated as follows. The size of the
grain parallel to the lamellar interface, Le., the average span of the straight
lamellae, is a few micrometers, while the size of the grain normal to the
lamellar interface is several times larger than this. Our analysis indicated
that all the grain-boundary images are explained by and large in terms of the
minimal surface, designated Scherk's fIrst surface.23,24 Through this surface,
a set of the PS and PEP lamellae with a given orientation is connecte~
smoothly to another set of the corresponding lamellae having a different
orientation without intersections of dissimilar lamellae, i.e., the PS (PEP)
lamellae in a given set being connected to the PS (PEP) lamellae in another
set. Thus the lamellae have 3D continuity through this type ofgrain-boundary.
Figure 6-3 shows the SAXS pattern for the undeforrned specimen, taken
with IP using the configuration as indicated in the Cartesian coordinate
attached to the figure. The pattern indicates a preferential orientation of the
lamellar normals I with respect to the film normals n. The preferential
orientation is more quantitatively shown by the azimuthal angle (!-!)
dependence of the first-order and the second-order scattering maxima, as
shown in Figure 6-4. Here f (f.!) designates integrated SAXS intensity

















Figure 6·3. 2D AXS pallern for undefonned SEP specimens. n and I are unit vectors
parallel to the film normal and lameUar normal, respectively. Note that a direct-beam stopper
interferes with the left half of the pattern in the near equatorial direction, giving rise to an
abrupt inten ity drop along the C3l1ering ring. The same effect is seen al 0 in Figure 6-8.
The intensity ratio of the econd-order maximum relative to tlIat of the flf t-order maximum
is approximately 1/15. The eight different colors in the bar, allached at tlIe bollom of tlIe
pallern, indicate scallering intensity levels in a linear scale that were used in the graphic
enhancement procedure, where each color bar corresponds to each intensity level interval
(1- correspond to 0-0.61, 0.61-0.67, 0.67-0.72, 0.72-0.78, 0.78-0.83, 0.83-0.89, 0.89-0.94,
and 0.94-1.0, relatively to tlIe intensity maximum).
order maximum or the second-order maximum. If the lamellar normal I has
a uniaxially symmetric orientation di tribution with respect to the film normal,
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Figure 6-4. Azimuthal angle (J.l) dependence of the first- and second-order diffraction
maxima for the pattern shown in Figure 6-3, WLl:TJ J.l == 0 being taken parallel to the OZ axis.
The second-order orientation factor f defined by
f == [3 < cos 2 /1 > -1]/2
can be estimated from N(!l-), i.e.,
2 n 2 .
< COS !l- >== fo COS !l-N(!l-) SIn !l-d!l-
(6-3)
(6-4)
The initial state of our sample before shear deformation had the uniaxial
orientation of I with respect to OZ axis, and its orientation factor f was
estimated to be 0.31 from the data f(~) shown in Figure 6-4 and from egs
6-1 to 6-4.
Figure 6-5 shows the meridional scattering intensity distribution parallel












Figure 6-5. SAXS intensity distribution along the 02
direction in the pattern shown in Figure 6-3.
being the scattering angle. The profile shows a multiple-order scattering
maxima up to at least the eighth-order maximum, each at the position of
integer multiples of the first-order peak position, though the figure includes
only up to the sixth-order maximum. This implies a small paracrystalline
distortion factor. 25 Based on the paracrystal model described in Chapter 2,
we estimated g c= i1D I D ) and obtained g == 0.04. This implies a high
regularity in the spatial arrangement of the lamellae. Here LlD is the standard
deviation of the interlamellar spacing D from the mean value D = 35.9 nm
estimated from the Bragg equation: 2 Dsincel2) =rnA and ill is integer related
to the order of diffraction. The suppression of the third-order maximum is
due to the fact that the form factor of the PS lamellae becomes close to zero
at the corresponding q value, which yields the volume fraction of the PS
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lamellae $ps == 1/3. This value is close to the one as calculated from the
fraction of PS in SEP-34132 on the assumption of complete segregation
between PS and PEP ($ps = 0.34).
6-3-2. Mechanical Properties
Figure 6-6 shows stress relaxation at the two measuring temperatures
105 and 130°C after rapidly imposing shear strain Y= 100 % within 10 l..ls in
which the shear modulus G (Pa) was plotted against t(s) in double logarithmic
·2i.:> 3
Log (lime/sec) I.<>g I '" II""'J""'l)
Figure 6·6. Stress relaxation after a rapid,
large shear deformation at 105 and 130 0c.
The large deformation of y = 100 % was
attained in the time interval of 10 IJ.S.
Figure 6·7. Linear dynamic mechanical
response at 130 °C obtained for strain
amplitude 1 % and static strain 0 %.
scale. Figure 6-7 shows linear dynamic mechanical response measured at
130°C with dynamic strain amplitude 1 % and static strain 0 % where real
and imaginary parts of the shear moduli, G' and G" respectively, as well as
loss tangent tan 8 were plotted against angular frequency (0 in a double
logarithmic scale. The data at 105°C were not shown here but their low
frequency behaviors are the same as those at 130 °C except for a difference
in the modulus level. The power-law behaviors of G' and G" at the low
frequency limit are typical to the ordered microdomains.8. I5,26-29
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6-3-3. Effects of Large Amplitude Oscillatory Shear Deformation
Figure 6-8 shows effects of the large amplitude shear defonnation at
low frequency and at low temperature, i.e., f:::: 0.0149 Hz and T = 105°C.
Pattern (a) was taken ill situ at 105 °e before the shear defonnation, while
patterns (b) and (c) were taken in situ during the deformation, in the
defonnation cycles N between 1 and 15 and between 75 and 89, respectively.
One cycle corresponds to 67 s. On the other hand, patterns (d) and (e) were
obtained between 0 and 1000 s and between 3000 and 4000 s, respectively,
after cessation of shear, with the specimen having been subjected to the 89
cycles oscillatory defonnation, i.e., the specimen giving rise to pattern (c).
A main change of the pattern appears to occur for the first 1000 s after the
oscillatory defonnation being imposed, i.e., N = 1-15 after the defonnation.
The pattern obtained between N:::: 64 and 74 (not shown in the figure) was
almost identical to pattern (c). Thus the pattern (c) appears to represent the
steady state structure attained.
The effects of the shear on the patterns are seen in the following two
main points: (i) The Il-dependence of the intensity show~ a biaxial orientation
of lamellar normals and (ii) with increasing N, the meridional scattering
maxima (or diffraction spots along the 02 axis) have a sharper intensity
distribution with respect to 11. The effects can be seen more clearly in Figure
6-12 later. Patterns (d) and (e) will be described later in Section 6-3-4. To
our best knowledge, this evolution of the biaxial orientation was observed
for the first time.
Figure 6-9 shows the effects of the large amplitude shear deformation
at low frequency and at higher temperature, i.e., f =0.0149 Hz and T = 130
°e. Pattern (a) was taken in situ at 130°C before the shear deformation,
while pattern (b) was taken in the time interval between 0 and 1000 s after
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cessation of shear, at 'Y = 0, the sample having been subjected to the oscillations
N =1 - 60 (0 ~ 4020 s). Pattern (c) was taken as follows. After pattern (b)
was taken, the specimen was rapidly cooled to 105°C. The pattern was
taken in situ at 105°C in the time interval of 1000 - 2000 s after the quench
from 130 to 105°C. Pattern (c) will be described later in Section 6-3-4. The
pattern obtained in situ during the oscillation was similar to that shown in
pattern (b), except for the fact that the former is slightly broader than the
latter in terms of the ~-dependence, due to the dynamical change of the
pattern induced by the oscillation. The specimen sheared at the high
temperature gives a sharper uniaxial orientation distribution with the lamellar
normals parallel to OZ-axis than the undeformed specimen at 130°C.
However, it does not show the biaxial orientation at all. This result is
consistent with previous results.4,J2,13 The azimuthal-angle dependence of
the patterns will be shown more quantitatively in Figure 6-15, later.
Figure 6-10 shows effects of the shear deformation at high frequency
and at the high temperature, i.e., f = 1 Hz and T = 130°C. Pattern (a) was
taken in situ at 130 °C before the deformation, while pattern (b) was taken
in situ during the oscillation ofN = 1-1000 (t =0-1000 s). Patterns (c) and
(d) were, respectively, obtained in the time intervals of 0 - 1000 s and 3000
- 4000 s after cessation of the oscillatory deformation of N = 1 - 4000. The
results will be described in Section 6-3-4. The high frequency oscillation
clearly gives rise to a biaxial orientation of the lamellar normals in the
plane of OYZ, clearer than the case of f =0.0149 Hz and T =105°C.
We next investigate a state of the biaxial orientation of the lamellar
normals with respect to the Cartesian coordinate OXYZ. Figure 6-11 shows
typical SAXS patterns taken with incident beam parallel to OX-axis [(a),
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Figure 6-8. Effec15 of the
large-amplitude iIIalory
hear deformalion al
0.0149 Hz and 105°C on
lhe SAXS pallern ; (a)
pallem for the undeformed
specimen at 105°C; (b and
c) pallerns laken in situ
during 0 illation cycl
= 1-15 and 75-89.
respectively; (d and e)
panems laken in situ al 105





after cessalion of lhe shear
deformalion al y = 0,
re peclively, from lhe lale corre ponding to lhal for pallem (c). The inlensity ratio of lhe second-
order m imum relalive to that of the fir t-order maximum in the meridional direction i approximately
1/10. The eight differenl olor in the bar auached allhe bollom of the patlern indicale scallering
inlen ity level in a linear cale thaI were used in lhe graphic enhancemenl procedure. Here lhe lower
60% of the intensity i represented by black and upper 40% is equally divided by 7 and represented by
ven different colors. ea h having inren ity 0-0.61. 0.61-0.67, 0.67-0.72. 0.72-0.78. 0.7 -0.83. O. 3-
O. 9. O. 9-0.94. and 0.94-1.0. relalively 10 lhe inlensity maximum. The same color representation of









Figure 6-9. Effecl of the large-amplitude
o cillalory hear deformation al 0.0149 Hz
and al 130°C on the SAXS pallerns; (a)
pallem for the undeformed specimen at 130
°C; (b) pallem taken in situ at 130°C in lhe
time interval of 0-1 000 after ce sation of the
o cillalory deformalion of N= 60 at y = 0;
(c) pallem laken in situ at 105°C in lhe time
interval of 1000-2000 s after lhe specimen
wa fir I released from slrain al 130°C for
1000 (pallem shown in part (b» and lhen
rapidly cooled 10 105°C. The inlen ily ralio
of lhe econd- and lhird-order maxima
relalive 10 lhal of lhe fir t-order maximum
in lhe meridional direction are approximately
1/10 and 1/500. The eighl different colors in
the bar are explained in the caption of Figure
6-8.
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Figure6-ll. The AXS panern (a)-
(c) for the specimen vitrified in the
late orresponding to the panern (d)
in Figure 6-10. The pattern were
taken from three direction a
pe ified in part d). Part (e)
represent a m del howing the
lamellar orientation in the pe imen.
n spe ifie the film n rrnal, while I)
and 12 pecify the lamellar n rrnal .
The inten ity ratio of the nd-.
third-. fourth- and fifth-order maxima
rclati e to that of the fir t-order
maximum in the meridional directi n
are approximately 1/10. 1/500, 1/400,
and 1/500 for an edge panern (panern
(a», 1110, 1/600. 1/600. In50 for an
end pattern (pattern (c», and 1/10 for
a through panern (pattern (b»). The
eight different colors in the bar
attached at the bottom of the pallern




Figure 6-10. Effect of the I rg -amplitud
o cillatory h r d ~ rm lion at I Hz and at 130 °
n lhe SAX p Ilems; a pauem ~ r lhe und ~ nne<!
pecimen t 130°C; b) pattern taken in situ during
the 0 iIIali n cy I = 1-1000 ; (c and d) pallern
laken in situ at 130°C in the lime interval fO-lOoo
and 3000-4000 after ce ation of the hear
deformation. at y = 0, re p ti ely, from the tate
corre ponding to that for pattern (b). The inten ity
ratio of the ond-. third-, fourth- and fifth-order
maxima relati e to that of the fi t-order rna imum
in the meridional direction are approximatel 1110.
1/250, 111200, and 111000. The eight different c I .
in the bar attached at th top of the pattern are













edge pattern], OZ-axis [(b), through pattern] and OY-axis fCc), end
pattern] for the specimen first deformed at 1 Hz and 130°C with N = 1 M
4000 and then vitrified by quenching below Tg of the PS domains with liquid
nitrogen. The relationship between the Cartesian coordinate and specimen
is shown in part (d) with OZ axis parallel to the film normal n and the OY
axis parallel to the shear displacement vector. Figure 6-11 (e) shows a model
describing the biaxial orientation of the lamellar normals Ii (i = 1, 2) in the
specimen with their interfaces oriented parallel to either plane OXY or oxz.
The detailed discussion will be given later in Section 6-4.
6-3-4. Relaxation of Orientation after Cessation of Shear
We now describe the change of the patterns shown in Figures 6-8 (d),
(e), Figure 6-9 (c) and Figures 6-10 (c), (d) after cessation of shear at y = O.
The pattern shown in Figure 6-8 (d), obtained at y=aright after the cessation,
shows a sharper biaxial orientation than the pattern shown in Figure 6-8 (c),
is obvious from the sharp minima of the fIrst-order and higher order maxima
in the diagonal directions. This primarily reflects the smearing of the
biaxiality in pattern (c) taken ill situ during the osciliatory deformation,
because the four spots (or diffraction maxima) along OYand OZ axes move
with strain phase during oscillation. The same effect is seen in Figures 6-10
(b) and (c). The change of the lamellar orientation with shearing and that
with time after cessation of the imposed shear deformation are more
quantitatively seen in the normalized intensity distribution of the first-order
scattering maximum J(~) with respect to ~, as shown in Figures 6-12 to 6-
15. In these figures ~ =0° corresponds to OZ-axis parallel to the film normal.
Figure 6-12 shows the azimuthal-angle dependence of J(~) for pattern
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Figure 6-12. f(JA) of the first-order maximum in the SAXS patterns shown in Figures 6-8,
where curve a-d correspond to patterns (a)-(d) of Figure 6-8, respectively. JA = O· refers to
the vertical direction in the patterns.
(a) to (d) in Figure 6~8, respectively. In shearing J(!-l) changes from curve
a to b, indicating the change of the orientation of lamellar normals from a
uniaxial to a biaxial orientation. The biaxiality increases slightly from curve
b to c, which confirms our observation that the significant change in
orientation occurs within the first 15 cycles of the shear. A steady state
biaxial orientation is attained upon further increase of N. The biaxiality is
much clearer in curve d than in curve c, due to the absence of the pattern
oscillation smearing effect. Comparing patterns (d) and (e) in Figure 6-8,
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Figure 6·13. Change of J(j.t) of the first-order maximum with time during the relaxation
ofpal1ern (d) to (e) in Figure 6-8. Curves 1 and 2 in Figure 6-13, included as a reference,
respectively correspond to curves a and d in figure 6-12 (and hence to patterns (a) and (d)
in figure 6-8). Curve 5 corresponds to pattern (e) in Figure 6-8. j.t = 0" refers to the vertical
direction in the patterns. The inset of Figure 6-13 shows the changes of J(j.t) at j.t = 0,45
and 90' with time where the solid and broken lines indicate a fitting of the exponential
function.
relax toward a uniaxial orientation after cessation of shear, at y =: 0, though
the biaxiality still remains clearly. An overall orientation of the lamellar
normals is also seen to be relaxed. This relaxation behavior is more
quantitatively presented in Figure 6w 13.
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Figure 6-13 shows the change of f«(.!) with time during the relaxation
of pattern (d) to (e) in Figure 6-8. Curves 1 and 2 in Figure 6-13 which
respectively correspond to curves a and d in Figure 6-12 (and hence patterns
a and d in Figure 6-8) were included as a reference. Curve 5 corrcsponds to
pattern (e). Thus the change of the pattern from (d) to (e) with timc during
the relaxation is shown in the evolution of fell) from curve 2 to 5, indicating
that the biaxiality decreases with timc. The inset of Figure 6-13 shows the
changes of .1(f.l) at (.! =0, 45 and 90° with time where the solid and broken
lines indicate a fit of the exponential function .1(f.l) =A[l+Bexp(-t/1;)] with
the relaxation time 't;;,; 1.26x103 s, common for all the three curves and 161 is
of the order of 0.2 ~ 0.7. At the long time limit covered in this experiment,
the values J (I-l) reach almost constant values which still show a slight
biaxiality as evident from the fact that .1(I-l) at I-l = 90° is greater than .1(I-l)
at (.! = 4SO.
The orientation relaxation similar to the case shown in Figure 6-8 is
also seen in patterns (c) and (d) of Figures 6~10 obtained for the high-
frequency and high-temperature deformation. Although the biaxiality is
retained even at the longest time of our observation, the orientation distribution
of the lamellar normals is clearly seen to become broader with time. Figure
6-14 shows J(I-l) where curves a-d respectively correspond to patterns (a)~
(d) in Figure 6-10. The same trend as that observed earlier in Figures 6-12
and 6-13 is shown, except for the fact that the biaxiality developed (curve c
in Figure 6-14) and the residual biaxiality attained a long time after relaxation
of stress (curve d in Figure 6-14) are higher than the corresponding
counterparts observed for low-frequency and low-temperature deformation
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Figure 6-14. f(J.L) of the first-order maximum in the patterns shown in Figure 6-10, where
curves a-d correspond to patterns (a)-(d), respectively. J.L - O· refers to the vertical direction
in the patterns.
The uniaxial orientation obtained after the low-frequency and high-
temperature shear deformation (pattern (b) in Figure 6-9) did not change at
all after cessation of shear at y = O. The patterns taken 1000 s later in the
relaxed state at 130°C were identical to pattern (b) though they are not
shown here. Moreover the orientation was observed to be unaltered even
after this specimen was cooled to 105 ac, as shown in pattern (c). These
observations are more quantitatively confirmed by the f([.L) data shown in
Figure 6-15 where curves a-c respectively correspond to patterns (a)-(c) in
Figure 6-9. Although not shown here, all the patterns taken during the time
interval up to 3000 s after cooling to 105 a C were the same as that in pattern
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Figure 6-15. f(J.L) of the first-order maximum in the patterns shown in Figure 6-9, where
curves a-c correspond to patterns (a)-(c), respectively. J.L - D· refers to the vertical direction
in the patterns.
6-4. Discussion
It is clearly shown from Figures 6-10 and 6-14 that the shear
deformation at high frequency and at high temperature (f:;:::; 1 Hz and T:;:::; 130
o C) develops a biaxial orientation. The development of the biaxial orientation
is also clearly observed for the shear deformation at low frequency and at
low temperature (f:;:::; 0.0149 Hz and T:;:::; 105 CC) from the ~-dependenceof
the SAXS patterns shown in Figure 6-8, and also from curve 2 in Figure 6-
13.
The state of the biaxial orientation attained in the specimen subjected
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to high-frequency (1 Hz) shear deformation at high temperature (130 DC)
can be investigated from Figure 6-11. The edge pattern (a) clearly shows a
bimodal intensity distribution with respect to an azimuthal angle, with
maximum intensity along the 02 and OY axes; the intensity along the OZ
axis is stronger than that along the OY axis. The former intensity is attributed
to lamellae Ll with their normals 11 preferentially oriented along the OZ
axis, while the latter intensity is attributed to lamellae Lz with their normals
12 preferentially oriented along the OY axis. The fraction of lamellae Ll
should be larger than that of lamellae Lz, judging from the data ..1(11.) shown
in Figure 6-14. The ~-dependenceof the SAXS intensity reflects the
distributions of II and Iz in the plane OYZ, i.e., some rotations of Ll and Lz
around the OX axis.
The through pattern (b) shows a unimodal intensity distribution with
respect to azimuthal angle, with a maximum intensity along the OY axis.
This pattern arises also from lamellae Lz and confinns the biaxial orientation.
Its azimuthal breadth depends on an orientation distribution of Iz in the plane
OXY, i.e., some rotations ofLz around the OZ axis. The end pattern (c) also
shows a unimodal intensity distribution with respect to azimuthal angle, with
a maximum intensity along the OZ axis. This pattern arises from Lamellar
LI but its azimuthal breadth reflects an orientation distribution of 11 in the
plane OXZ, i.e., some rotations of Lz around the OY axis. It may be noted
that the intensity along the OY axis in pattern (a) is not the same as that in
pattern (b) along the OY axis. We interpret this as follows. The intensity
along the OY axis in pattern (a) depends on the rotation of the lamellae Lz
around the OZ axis, but the intensity along the OY axis in pattern (b) depends
on the rotation of the lamellae Lz around the OX axis. Thus the difference in
the intensity in (a) and that in (b) may be possible if the specimens are
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composed of many grains and if there is a difference in the degree of the
two types of rotation.
In all the cases covered in this work, we cannot find the preferential
orientation of the lamellae whose nonnal vectors are oriented along the OX
axis (i.e., preferential perpendicular orientation), as reported earlier by
Koppi et al. 12 and Winey et al. 13, although a minor fraction of lamellae has
the perpendicular orientation as evident from Figure 6-11 (b). Our observation
on the lack of the preferential perpendicular orientation may be consistent
with the previous results, !2, 13 because our experiments were done far below
TODT and the perpendicular orientation of the lamellae has been observed
so far only when shear deformation is applied at T close to TODT.
SEP-34/32 is expected to have very high TODT which is estimated to
be much higher than 400 DC. Hence the experimental temperatures of 105
°C and 130°C are very much far below TODT and hence our sample is in a
very strong segregation regime. The precursory SI diblock copolymer
subjected to the selective hydrogenation of polyisoprene block had TODT in
the melt much higher than 200 °C from SAXS measurements as a function
of T. The SAXS measurements of TODT were done for dioctyl phthalate
(DOP) solutions of the Sf copolymer as a function of the copolymer
concentration $P. The TODT values are extrapolated to the value at $p = 1 in
order to estimate its value in bulk. The TODT value for the bulk copolymer30
was 370 ± 20°C. It is known3 ! that SEP has a Flory-Huggins' segmental
interaction parameter much larger than that of SI. It is thus reasonable to
assume TODT for SEP-34/32 is much higher than 370°C. Thus our sample
has TITODT < 403/643 =0.63 and is in an ordered state with a segregation
stronger than the lamellae specimens L2•13 previously used. This fact seems
to be important for understanding the biaxial orientation behavior. Although
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the fraction of the lamellae L2 as shown in Figure 6-11 (e) is energetically
unfavorable under the shear deformation, it may not be possible to be
transformed into the parallel lamellae Liar into the perpendicular lamellae
as reported by Koppi et al. by the processes such as destruction/re-
formation7,9,13 and grain rotation.? These processes may be much suppressed
under the strong segregation regime. Because the perpendicular lamellae of
the type reported by Koppi et aJ.l2 should be energetically more favorable
than the lamellae L2 under shear deformation, it is puzzling that we cannot
attain the biaxial orientation with the preferential perpendicular lamellar
orientation of the type reported by Koppi et al.
The state of orientation attained by the shear deformation seems to be
intimately related to the stress level of our specimens. The biaxial orientation
attained either by the low-frequency and low-temperature deformation or by
the high-frequency and high-temperature deformation is associated with a
higher stress than the uniaxial orientation attained by the low-frequency and
high-temperature deformation. This situation may be roughly seen in the
stress relaxation data shown in Figure 6-6. If we assume that the stress level
encountered in an oscillatory deformation with a frequency f is roughly
proportional to the relaxation modulus at t =1/f. Then the two deformations
giving rise to the biaxial orientation should have almost the same stress level,
their moduli corresponding to point A and B in the figure, while the
deformation yielding the uniaxial orientation should have a much lower stress
than the above two deformations, with its modulus corresponding to point
C.
One last comment I like to address is that on stability of the state of
orientation attained by the shear deformation. In Section 6-34 it was clarified
that the uniaxial orientation attained is quite stable after the cessation of
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shear. It is also stable at temperatures lower than the temperature of the
deformation. Thus the uniaxial orientation appears to be thermodynamically
stable or metastable, at least, up to the temperature where the shear
deformation is imposed. However, the biaxial orientation attained under the
shear deformations employed in this work was shown to relax after cessation
as shown in Figures 6-8 and 6-10, and 6-13 and 6-14. Figures 6-13 and 6-14
show quantitatively relaxation of the biaxial orientation toward a uniaxial
orientation as well as overall orientation relaxation, although our data in the
long time limit still show a biaxial orientation. Thus the biaxial orientation
attained by the shear deformation is a thermodynamically unstable state.
However it certainly exists as a steady state under the shear deformation
accompanied by a high stress level, as evident by comparing patterns (b) and
(C) in Figure 6-8 and curves b and c in Figure 6-12. However we cannot
explain why the biaxial orientation exists in the steady state. This might be
associated with the strong segregation phenomenon which suppresses the
grain rotation and destruction/re-formation processes as discussed above.
6-5. Conclusion
Real-time and in-situ SAXS was performed with a SEP-34/32 diblock
copolymer film specimen having alternating lamellar microdomains in a
strong segregation regime far below the TODT' The 2D detector described
in detail in Chapter 4 was used to measure 2D SAXS from the film specimen
subjected to a large-amplitude oscillatory shear deformation. The shear
deformation at high temperature and high frequency (f =
1 Hz and T = 130°C) or at low temperature and low
frequency (f = 0.0149 Hz and T = 105 ce) develops a biaxial
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orientation, while the shear deformation at high
temperature and low frequency (f = 0.0149 Hz and T =
130 "C) improved a uniaxial orientation. The orientation attained
by the shear deformation appears to be classified by the stress level of the
specimen. The biaxial orientation attained either by the low-frequency and
low-temperature deformation or by the high-frequency and high-temperature
deformation is associated with a higher stress than the uniaxial orientation
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Small-Angle X-ray Scattering Studies
ofa Sphere-Forming Block Copolymer
under Large Oscillatory Shear Deformation
7-1. Introduction
As the last of this series of studies on the behavior of block copolymers
under the shear deformation, the dynamic rheo-optical experiment
synchronous to mechanical stimulus was carried out with a 2D detector
described in Chapter 4. I investigated in detail structural responses of spherical
microdomains packed in a body-centered-cubic lattice in the very strong
segregation regime in situ under the sinusoidal large-amplitude oscillatory
shear deformation.
In the previous work, I a relationship between the ordered structure in
th~ block copolymer solutions and their rheological behavior was explored
by measuring separately small-angle X-ray scattering (SAX:S) and rheology
on the same solutions. The solutions studied were a polystyrene-block-
polybutadiene (SB) in a solvent of n-tetradecane (C 14), selectively good for
polybutadiene block chains (PB) but very poor for polystyrene chains (PS).
They fonned the spheres composed of PS in the matrix of PB chains swollen
with C14. The junction points between the two block chains are preferentially
located at the interfaces between the spheres and matrix. The SAXS studies
revealed that at low temperatures and/or high concentrations the spherical
microdomains are packed in a cubic lattice with a long-range order. This
ordered structure was found to give rise to a linear viscoelastic property with
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shear modulus G, if shear stress a is smaller than the yield stress aoof the
solutions, or a nonlinear, plastic flow, if a> ao' Both ao and G were found
to be proportional to polymer concentration <Pp, which in tum was explained
in terms of entropy elasticity of the confined chains, i.e., the elasticity of the
swollen PB chains emanating from the vitrified PS spheres.
When the cubic lattice is deformed as shown in Figure 7-1(a),(b), the
end-to-end vectors r l and r2 of PB block chains are deformed to rl' and r2',
respectively, to satisfy the demand oftbe uniform space filling by the corona
chains (the block chains emanating from the spheres), as a consequence of
low osmotic compressibility of the solution at high concentrations. The elastic
deformation of the polymer coils leads to a decrease of the conformational









Figure 7-1. Schematic diagram showing elastic defonnation of a cubic lattice fonned by
microphase-separated block copolymer solutions: (a) undefonned state, (b) defonned state
with shear strain y=y/ac, ac being the length of the cell, and (c) free energy change MG as
a function of the shear strain y (based on ref 1).
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In this way the excess free energy Ol1G is stored in the system as shown in
Figure 7-1(c), which are responsible for 0'0 and G of the systems. The entropy
elasticity of the confined chain was found to give also a nice correlation
between the microstructural properties as/sm and the rheological properties
kBT/GVc and kBT/croV c, where os/sm is the full width at half-maximum
(fwhm) for the first-order SAXS peak relative to its peak position and Vc is
the volume of the unit cell.!
In this work I extend the earlier work on the SI/C14 systems to
polystyrene-block-poly(ethylene-alt-propylene) (SEP) in bulk which has a
microdomain morphology of the spheres composed of PS packed in a bcc
with a large paracrystal distortion of the second kind2,3 in the matrix
composed of poly(ethylene-alt-propylene) (PEP). I simultaneously observe
in situ SAXS and stress for the specimen subjected to a large oscillatory
shear strain in order to investigate a relationship between the deformation
behavior of the bcc lattice systems and nonlinear mechanical properties.
Almdal et al.4 reported very interesting results on the effects of large-
amplitude oscillatory strain (100% strain with 0) = 0.02 rad/s) on the spheres
packed in a bcc lattice in the PEP-PEE diblock copolymers. They studied
the shear effect at temperatures 70-90 °c, relatively close to order-disorder
transition temperature, TOOT = 105 ± 5°C, in which both the matrix phase
and the sphere phase are far above their glass transition temperatures. In
contrast, I study here the shear effect at frequency CO = 0.0936 rad/s and at
temperature T = 25°C; they were, respectively, higher and much lower than
those used by Almdal et al. Our system is far below TDDT, which is estimated5
to be 180 ± 5°C by SAXS, and PS spheres in our system are vitrified in the
molten matrix of PEP. Thus I study the shear effects at very low temperature
and high frequency, i.e., in a regime which is very different from that studied
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by Almdal et a1. The fact that our dispersed phase is vitrified may result in
the shear effects which are different also from those predicted by simulations
and theories.6,7 It may give rise to some similarities between the behaviors
of my system and those of colloidal crystals or of the micellar solution.6
However the detailed discussions on the similarities and dissimilarities are
beyond scope of this study. Here I report some initial results of our studies.
7-2. Experimental Section
7-2-1. Specimen
SEP (designated as SEP-lO/34) which was prepared by hydrogenation
ofpolystyrene-block-polyisoprene) (SO copolymers was kindly supplied from
Kuraray Co. Ltd., Japan. It has number-average molecular weight Mn =3.4
X 104, heterogeneity index MwlMn = 1.3 where Mw is weight-average
molecular weight, and PS volume fraction in the copolymer 0.1. Polyisoprene
block chain had a microstructure rich in l,4-linkage (95 %) before
hydrogenation. The as-received SEP-1O/34 which is viscoelastic liquid at
room temperature was annealed under vacuum at 60°C for 1 week before
the use for our experiment.
7-2-2. Rheo-optical Method
Simultaneous SAXS and stress measurements were performed by the
dynamic SAXS apparatus presented in Chapter 4. 7,8 The hydraulic
deformation apparatus used to impose the shear deformation was shown
schematically in Figure 4-9(a).
The oscillatory shear strain was imposed on the specimen, sandwiched
between two metal plates as shown in Figure 4-9(a). Incident X-ray beam
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was irradiated normal to the plane OYZ in which the shear strain y =dy/dz
exists. The OY axis is the direction parallel to the shear displacement. The
SAXS intensity distribution was detected by IP placed normal to the incident
beam.
In this work we imposed a large-amplitude sinusoidal shear strain with
amplitude Yo =50 % and static strain Y5 =0 % and angular frequency w=
0.0936 radls at room 25°C. The SAXS patterns were taken in situ during
oscillatory deformation with the 2D detector. The following two modes were
used: (i) the patterns were cumulated onto the detector over many cycles of
oscillations between Nth cycle and (N+~)th cycle, both N and~ being
varied (designated hereafter the "average mode" for the sake ofconvenience),
and Oi) the patterns were cumulated at particular strain phases over many
cycles of oscillations, between Nth and (N+~N)th, in order to count a
sufficient number of scattered X-ray photons for good statistical accuracy
(designated hereafter the "synchronous mode"). Our IP detector has an
octagon shape,9 each face of which has IP having area of 100 nun x 200 mm
The detector plane can be shifted from one face to another by rotating the
octagon around its axis. In the synchronous mode, we assigned the four
faces of the octagon to the (our different phase intervals of the strain and
changed these faces in synchronization with the strain phase.
The patterns were also taken as a function of time after cessation of
the shear deformation. The change of linear dynamic mechanical response
with N during the large-amplitude oscillatory deformation was investigated
separately by an RMS605 mechanical spectrometer, Rheometries CO. Ltd.,
Piscataway, NJ, under the same condition as those employed in our rheo-
optical experiments. For this purpose a small strain amplitude ofrO = 5%
and Ys =0% were used with parallel-plate geometry, and the part and
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imaginary parts of dynamic shear moduli G' and G" were measured as a
function of ill immediately after N cycles of the large-amplitude oscillations
where N was also varied.
7-3. Results
7·3·1. Structure before Shear Deformation
Figure 7-2 shows the DSC thermogram of SEP-IO/34 used in the
experiment in a temperature range near the glass transition of the PS
rnicrodomains. The thennogram obtained at a heating rate of 20°C/min
shows a change of the base line between 22 and 62 °C, reflecting the glass
transition temperature Tg of the PS rnicrodomains. The Tg of PEP is about -
60°C, well below the experimental temperature, so that PEP alone behaves
like a liquid. Thus the PS microdomains are glassy spheres immersed in a
liquid medium at the experimental temperature.
Figure 7-3 shows the 2D-SAXS
pattern taken with IP (part (a)) and the
circular-averaged SAXS intensity
distribution, I(q), for the annealed
specimens of SEP-IO/34 (part (b))
where q is the scattering vector defined
by q = (41t/A)sin(ElI2), EI being the
scattering angle. The 2D pattern shows
no azimuthal angle dependence, and I(q)
shows a sharp first-order maximum at
qm = 0.0297 A-I and a shoulder at the
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Figure '·2. DSC thermogram obtained at
a heating rate of 20°C/min in a
temperature range close to the glass
transition temperature of the PS
microdomains. The straight lines offer a
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Figure 7-3. SAXS patterns taken by the 2D detector (a) and the circular-averaged intensity
distribution with scattering vector q (b) for the undefonned SEP-I 0/34. The shaded zones
in pattern (a) offer visual guides for the scattering maximum and shoulder. They also
correspond to the intensity or q ranges shaded in part (b). The contour lines numbered 1-5 in
pattern (a) have logarithm of scattered intensity of 4.60, 4.24, 3.88, 3.52, and 3.16,
respectively.
order maximum and a very broad maximum at q == 0.1 A-I, defined hereafter
as qm,p' The detailed analysis of I(q) and transmission electron micrographs
(TEM) yielded the following pieces of information: 10 (i) the spherical PS
microdomains are dispersed in the matrix of PEP block chains, (ii) the first-
order maximum and the higher order shoulder reflect the intersphere
interference of the scattered waves, while the broad maximum at qm,p reflects
the form factor of single spheres, and (iii) the number-average radius of the
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spheres R is 70.6 ± 0.25 A, the standard deviation of the radius crR is 15.1 ±
0.35 A, and the characteristic interfacial thickness t1 = 13.3 ± 0.9 A. The
volume analysis yielded infonnation that bec is more favorable than the simple
cubic lattice (sc) and the face-centered cubic lattice (fcc): the volume fraction
of the PS spheres <l>ps as calculated from the Bragg spacing d =2rr./qm =212
A and R under the assumption of the bcc symmetry and that of a complete
segregation of PS and PEP chains into the respective domains gives a best
agreement with the volume fraction of the PS block chain in the copolymer
(fpS =0.1). We obtained cI>ps equal to 0.151 for sc, 0.107 for bcc, and 0.116
for fcc by using mass densities 1.06 and 0.86 g/cm3 for PS and PEP,
respectively. SAXS and TEM indicates that the lattice is considerably
disordered and randomly oriented.
7-3-2. Mechanical Properties
Upon imposing the large-amplitude oscillatory strain, the force detected
by our transducer decayed as a function of N, as schematically shown in
Figure 7-4(a). The maximum stress for the N-th cycle of oscillation relative
to that of the first cycle cr(N)/cr( 1) was plotted either semilogaritlunically or
doublelogarithmically in Figure 7-4(b). The stress decay appears to have at
least two processes, i.e., the early and the late processes, which is believed
to reflect a change of the microdomain structure of the system with N, as
will be discussed later in section 7-4.
Figure 7-5 shows Lissajous figures for the large-amplitude oscillatory
strain Yo = 50 % (a) and for a relatively small strain Yo = 17 % (b) at the same
co as described earlier. The data were obtained for the first cycle N = 1. The
Lissajous figure in part (a) clearly shows nonlinear stress-response as shown
by the humps at two strain phases (marked by arrows), but the nonlinearity
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is less clear in part (b). We noted that the nonlinearity seen in part (a) does
not necessarily vanish when the stress a(N) decays with N.
Figure 7-6 shows the change of linear dynamic mechanical properties
with N during the large-amplitude oscillatory defonnation. The frequency
dependence of the real part of the shear modulus G' and that of the imaginary
part G" are found nearly independent of N, and only their magnitudes decrease
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Figure 7-4. (a) Schematic diagram showing the variation of force under a large-amplitude
oscillatory shear deformation, and (b) the decay of stress amplitude O"(N) with a number of












Figure 7-5. Typical Lissajous figures
obtained for Yo =0.5 (a) and YO =0.17 (b)
in the first cycle of shear deformation at (0
= 0.0936 radls.
with N. The data for N = 0 stand for the data for the virgin sample. We also -
note the fact that at the low frequency of 0) < 1 the frequency dependence of
G' is nearly identical to that of G" I Le.,
G', G" ~ ron (7-1)
with n == 0.6. The low frequency scaling behavior given by eq 7-1 seems
typical to that of the ordered microdomain systems of block copolymers.
The value n == 0.5 was reported for the lamellar phase. 11,12 The fact that the
prefactor of ron depends on N is parallel to the fact that a(N) decays with N.
7-3-3. SAXS Results Obtained with the Average Mode
Figure 7-7(a) shows the SAXS patterns taken in situ with IP during the
large-amplitude oscillatory shear deformation. The pattern was taken with
the average mode with N =30 and LlN =150. Comparing with the pattern in
Figure 7-3(a), we found that the shear deformation tends to preferentially
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Figure 7-6. Linear dynamic mechanical properties obtained immediately after N cycles of
!.he large-amplitude oscillatory shear defonnation with varying N as shown in !.he figure. N
:= 0 corresponds to the results obtained with the virgin sample. G' and G" are real and
imaginary parts of !.he shear moduli, respectively.
orient a particular lattice plane. The diffraction pattern at the first-order
maximum position defined hereafter as qm I is clearly directionally dependent:
,
a sharp meridional two-point pattern along the OZ axis and long equatorial
arcs along the OY axis.
On the other hand, the SAXS intensity in the vicinity of qm,p is
directionally independent, implying that the vitrified PS spheres are not
deformed under the shear deformation. Thus the bee lattice is oriented and
deformed, but the spheres remains undeformed under the shear deformation.
Figure 7-7(b) presents a model showing preferred (110) plane orientation
parallel to the OXY plane to explain the two-point pattern observed under
the oscillatory shear deformation. The details will be discussed later in Section
7-4. Our preliminary results indicated that the meridional two-point pattern
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Figure 7-7. (a) SAXS paltern cumulated over the strain cycles defined by N = 30 and D.N
= 150 (the average mode) during the large-amplitude oscillatory shear defonnation and (b)
the model showing a preferential orientation of the (110) lattice plane parallel to OXY
plane. TIle shaded zones in the pallern (a) offer visual guides for the scattering maximum
and shoulder. The contour lines numbered 1-5 in pattern (a) have logarithm of scattered
intensity of 4.66,4.31,3.64,3.28, and 2.60, respectively.
7-3-4. SAXS Results Obtained with the Synchronous Mode
In order to gain a deeper insight into the lattice deformation and
orientation under the shear deformation, the SAXS pattern was taken in situ
with the synchronous mode and with N = 80 and AN = 70. The patterns in
Figure 7-8(a) were taken at four representative strain phases centered at 0, rrI
2, 1t and 31t/2 (designated phase 1 to 4, respectively) and over the phase
interval 2~ = 0.388 1t, as shown in parts (b) and (c). The response of the
pattern at qm,l position is particularly interesting: each pattern in part (a) is
composed of four points. The two points along the OZ axis are almost
stationary, staying parallel to the OZ axis for all the strain phases, but the
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Figure 7-8. SAXS pattern (a) obtained at four representative strain phases as shown in (b) and (c) (the synchronous mode), and thc model to cxplain
the four diffraction spots arising from (110) and (110) lattice planes (d). The pattern at each phase was obtained for the strain phase of l-t. +¢i, t. +¢i l
where ljIi = 0, nl2, 1t, and 3rrJ2 for phase 1-4, respectively and t. = 0.194 n. The paltern at each phase was obtained by cumulating the SAXS intensity
over the strain cycles defined by N = 80 and .t.N = 70. The shaded zones in pattern (a) offer visual guides for the scattering maximum and shoulder. The Q
po
contour lines numbered 1-5 have respectively logarithm of scattering intensity of 3.60,3.40,2.80,2.40, and 2.20 for the patterns in phases I and 2, 3.45, ~
2.77,2.32, and 2.10 for those in phase 3, and 3.65,3.42,2.74,2.28, and 2.05 for those in phase 4. ~
Chapter?
and 900 with respect to the OZ axis in phases 1-4, respectively. Part (d)
indicates a qualitative, simplified model to explain the above observation,
the details of which will be discussed in Section 7A.
7-4. Discussion
7-4-1. Response of the bee Lattice
The results obtained in Figure 7-8(a) clarify the pattern obtained in
Figure 7-7(a). The meridional two-point pattern along the OZ axis should
arise from the (110) plane oriented more or less stationarily parallel to the
plane OXY, as shown in Figures 7-7(b) and 7-8(d), while the other two-
point pattern (equatorial two-point pattern) changes its orientation, oscillating
in the OYZ plane about the equator with a change of the strain phase, as
shown in Figure 7-8(a). Hence in the average mode, the oscillating equatorial
two-point pattern should appear to be a long arc, while the stationary
meridional two-point pattern should remain two-point like, as shown in Figure
7-7(a). The oscillating equatorial two-point patterns in Figure 7-8(a) or the
long equatorial arc in Figure 7-7(a) should arise from the (110) plane
orthogonal to the (110) plane. The oscillating equatorial panern indicates a
dynamic lattice deformation as shown schematically in Figure 7-8(d).
Thus the results obtained in Figures 7-7 and 7-9 immediately give us
the following two conclusions. (1) Under the oscillatory shear deformation,
(110) plane having the highest number density of the spheres orient parallel
to the OXY plane. A similar orientation of the (110) plane parallel to the
OXY plane was also reported after cessation of a large-amplitude oscillatory
shear strain.2 we found that the degree of orientation of the (110) plane
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Figure 7-9. Change of the SAXS pattern with time after cessation of the large-amplitude
oscillatory shear deformation. Pattern (a) was obtained during oscillatory shear deformation
with the average mode with N =30 and .1.N = 150. After this experiment, the shear
deformation was stopped at zero strain. Then pattern (b) was taken from 0 to 1000 s after
cessation of the shear deformation. The azimuthal-angular dependences for the first-order
diffraction maximum in patterns (a) and (b) are shown by curve (1) and (II), respectively, in
part (c). The shaded zones of patterns (a) and (b) offer visual guides for the scattering
maximum and shoulder. The contour lines numbered 1-5 for pattern (a) have respectively
logarithm of scattered intensity of 4.66.4.31,3.64,3.28, and 2.60, while those numbered 1-
4 for pattern (b) have respectively 2.81,2.61,2.27, and 2.03.
149
Chapler 7
indicate that a rapid increase in the degree of orientation is achieved for the
first 30 cycles and a further increase of orientation occurs gradually with a
further increase of N. (2) In response to the applied shear deformation, the
bcc lattice undergoes dynamic lattice deformation under the constraint that
the (1lO) planes orient, by and large, parallel to the OXY plane. The position
of the meridional two-point pattern with respect to a or q remains almost
unchanged with the strain phase, indicating that the (110) spacing is essentially
kept constant during the deformation. However the position of the (110)
diffraction peak changes with the strain phase: the positions of the diagonal
two-point pattern in phases 1 and 3 locate at higher q than those of the
equatorial two-point pattern in phases 2 and 4. The latter positions locate at
smaller q than those of the meridional two-point pattern. The change of
(T 10) diffraction spots with the strain phase implies the (110) spacing is
stretched under the shear deformation in phases 2 and 4 and it tends to be
compressed in phase 1 and 3. we roughly estimated the strain amplitude
imposed on the crystal Ycrysl from the changes of (110) and (T 1O)with the
strain to be Ycryst == tan25° = 0.47, close to Yo, where the angle 25° is that
between the equator and the line connecting the centers of the diagonal two-
point patterns in phases 1 and 3.
Close observations of the results in Figure 7-8(a) lead us to the following
additional conclusions. (3) If the crystal deformation as indicated in Figure
7-8(d) occurs in phase with the applied strain phase, the SAXS patterns
obtained in phases 2 and 4 should be identical and those obtained in phase I
and 3 should be in mirror-image with respect to the OZ axis. However, the
patterns in phase 2 and 4 are not clearly identical, indicating that a phase
difference exists between the applied strain and the strain on the crystal. (4)
The width of the meridional two-point pattern along the azimuthal-angular
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direction appears to depend on the strain phase. This implies a dynamic
variation of the crystal orientation as a whole under the oscillatory
deformation. (5) Our preliminary SAXS results with the synchronous mode
with a small fIxed LlN but varying N appear to indicate that the lattice strain
'Y
cryst gradually decreases with N in the region of N > 40.
7-4M 2. Origin of Stress Decay
The conclusions 1-5 obtained in Section 7-4-1 should be somehow
related to the rheological behavior of the systems under the large amplitude
of oscillatory shear strain (Figure 7-4) as well as under the small strain (Figure
7-6). The rheological behavior should be affected by all the factors given
above; the orientation of the (110) plane (conclusion 1), the dynamic
deformation of the bcc lattice (conclusion 2), its loss tangent (conclusion 3)
and their changes with N (conclusion 5), and the dynamic orientation of
crystal as a whole (conclusion 4).
The decay of the stress amplitude o(N) with N appears to be apparently
composed of the early and the late processes which dominate at N « 30 and
N » 30, respectively. The rapid orientation of the (110) plane parallel to the
OXY plane (conclusion 1) is apparently related to the decay process in the
early stage, while the gradual decrease of the lattice deformation 'Y t with
crys
N (conclusion 5) is related to the decay process in the late stage. The phase
difference of the lattice deformation and orientation against the strain
(conclusion 3) may be related to the large loss tangent observed in the
Lissajous figures in Figure 7-5.
The decrease of the dynamic lattice strain 'Y
cryst with N may occur as a
consequence of increased volume fraction of the grain-boundary region where
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the cubic packing of the spheres may be more disordered than that inside the
grain. This effect may account also the decrease of G' and G" with N in
Figure 7-6.
7-4-3. Relaxation after Cessation of Oscillatory Shear
The orientation of the (110) plane developed under the large-amplitude
oscillatory shear deformation was found to relax into random orientation
after cessation of the shear, as shown in Figure 7-9 where the pattern in part
(a) was obtained with the average mode and with N = 30 and~ = 150. The
pattern in part (b) was taken from 0 to 1000 s after the cessation of the shear
deformation. The patterns a and b have the azimuthal-angular dependence
of the first-order diffraction intensity as shown in curves I and IT in part (c),
respectively. This clearly indicates the orientational memory built up by the
shear deformation completely decays after the cessation. This fact is a big
surprise to me, puzzling but yet intriguing. It is also a big contrast to the
results reported by Almdal et aI.2 They reported a high orientation of the
bcc lattice even after cessation of the shear at zero strain. Interestingly the
decay of the orientation memory causes the recovery of stress after the
cessation of the shear as is demonstrated in Figure 7-10.
The virgin sample shows the stress decay with N during the large-
amplitude oscillatory deformation as shown in the curve labeled 1 in Figure
7-10. After oscillation up to N = 300, the stress decayed to point A. In this
figure <:5(1) always refers to the stress at N = 1 for the virgin sample. The
specimen subjected to the oscillation up to N == 300 was released from the
strain and left relaxed for 4.5 h at room temperature. The stress at point A
was relaxed to zero (point B) after the release of the strain to zero. After the
rest for 4.5 h at room temperature, the large-amplitude shear deformation
152
Chapler 7
was applied to the specimen, and the stress decay was measured again as a
function of N. The result is shown by the curve labeled 2. We found the
stress recovery to point C at the second-run deformation, which may be due
to a structure recovery during the rest. The stress decay due to the oscillation
(point C to point D) is found to be much faster in the second run than in the
third runs; i.e., the stress level
of point D is almost the same
as that of point F. The initial
stress decay with N appears to
increase in the order of the first
spent for the stress relaxation.
Almost no stress recovery is
attained during the relaxation
between the second and the
first run. The same specimen







point D, and the stress
relaxation occurred to point E.
The specimen was left at room
temperature for 2 to 3 min and
then subjected to the third-run
oscillatory deformation. The
stress decay is shown by the
A curve labeled 3. It is clearly
seen that the amount of stressB








Figure 7-10. Stress recovery after cessation of the
large-amplitude oscillatory shear strain. The decay
of the stress amplitude cr(N)/cr( 1) with N under the
deformation was plotted for the virgin sample (curve
1), for the sample subjected to the first-run
deformation to point A and then relaxed La zero
strain for 4.5 h (curve 2) and for the sample
subjected to the second-run deformation to point D
and then relaxed to zero strain for a few minutes
(curve 3). 0'( I) always refers to the maximum stress
at the first cycle of deformation for the virgin
sample.
run, the second run and the third
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run. However the stress decay rate appears to be slowed down as the stress
level decreases, which is obvious in curve 3.
The recovery of the stress may be attributed to a recovery of the cubic
structure in the grain-boundary region in which the bcc crystallike structure
may be transformed into the spheres packed in the disordered lattice under
the large-amplitude oscillatory strain. The recovery of the lattice structure
in the grain boundary may induce disorientation and reorganization of the
shear-aligned lattice structure in the strong segregation limit, resulting in the
relaxation of the structure and stress recovery after cessation of the shear
deformation.
7-5. Conclusion
In this work I presented a structural response of the spherical
microdomains of block copolymers to a large-amplitude oscillatory shear
deformation in the regime of low-temperature and strong-segregation limit.
The regime explored is quite different from the high-temperature and weak-
segregation regime covered by previous work, e.g., Almdal et aI? The
information obtained covers not only the structure attained after cessation
but also real-time, in-situ response of the domains which has not been reported
previously. The high-temperature and weak-segregation system contains
the soft spheres in the soft matrix near the order-disorder transition (ODT),
while the low-temperature and strong segregation system contains the vitrified
hard spheres in the soft matrix far below ODT. Thus, the former system
should be subjected to structure reorganization under shear more easily and
extensively than the latter system. I hope that our information obtained with
the low-temperature behavior is also important to the enrichment of our
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understanding of the rheo-optical behavior of block copolymers. A more
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In Part I, detailed studies on static structures and their formation were
carried out. The following results were obtained.
Chapter 1.
The structure evolution in a polystyrene-block-polyisoprene-block-
polystyrene triblock copolymer (SIS) on the phase transition (or order-disorder
transition, ODT) was investigated by rheology and small-angle X-ray scattering
(SAXS). The copolymer has an equilibrium morphology ofcylindrical polystyrene
rn.icrodomains hexagonally packed in polyisoprene matrix. The order-to-disorder
transition temperatures determined by rheological and SAXS techniques in the
heating cycle were in good agreement with each other while the ordering
phenomena observed upon cooling depended on the observation techniques. Since
SAXS measurements provide the structural information of a lO-nm scale, the
formation of the cylindrical microdomains was detected by SAXS. On the other
hand, low-frequency dynamic mechanical measurements are mainly affected by
the l-~m-scale grain morphology. The results imply that the microphase
separation occurs rapidly upon cooling below the ODT temperature whereas the
growth of the grain structures needs longer time.
Chapter 2.
A lamellar rn.icrodomain structure formed in the solvent-cast films of a
polystyrene-block-poly(ethylene-alt-propylene) diblock copolymer (SEP) was
studied in detail by SAXS. The SAXS profiles displayed a series of peculiar
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scattering maxima which cannot be ascribed to the higher-order diffraction
maxima from the one-dimensional lattice of the regular lamellar structure. A
one-dimensional paracrystal model with a preferential orientation was employed
to analyze the SAXS profiles. The results suggest that these maxima are attributed
to the higher-order scattering maxima of the particle scattering factor from single
lamellar microdomains. The maxima suggest that the relative standard deviation
for the distribution of the polystyrene lamellar size is much smaller than that of
the lamellar spacing, giving rise to a situation in which the oscillation of the
particle factor with scattering vector h persists up to high h (magnitude of h)
values while that of the lattice factor damps to unity at low h values. The SAXS
result was interpreted as being due to a bending distortion of the polystyrene
lamella with a smaller thickness and a narrower thickness distribution than those
of the poly(ethylene-alt-propylene) lamella. A study by transmission electron
microscopy supported this result.
Chapter 3.
New class of molecular constraint was investigated to find new
morphology and new properties. The microdomain structure of the model three-
component, three~arm star-shaped copolymers consisting of polystyrene (PS),
poly(dimethylsiloxane) (PDMS) and poly(tert-butyl methacrylate) (PTBMA),
each of them having nearly the same weight fraction, were investigated by means
of differential scanning calorimetry (DSC), transmission electron microscopy
(TEM) and SAXS. The DSC results exhibiting the glass transition of PS and
PTBMA and the crystallization and melting of PDMS strongly suggest the
microphase separation of the three components into three microdomains. The
microdomain structure is considered to be extremely complicated because the
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chemical junction points of the three constituent polymers must be confined on
the lines where three kinds of interfaces meet. TEM and SAXS results strongly
support the existence of the very regular microdomain structure with three-fold
symmetry. Each of the three components possibly fonus a three-dimensionally
continuous network domains resulting in an ordered tricontinuous microdomain
structure.
Part II.
I presented the works on the observation of rearrangement of domain
structures of block copolymers under large-amplitude oscillatory shear
deformation as well as the structures before the deformation.
Chapter 4.
A new data acquisition system for time~resolved SAXS and wide-angle
X-ray diffraction (ytIAXD) studies, especially designed for a use with a rotating
anode X-ray generator as an X-ray beam source, was developed. A drum with
eight imaging plates (rp) containing phosphor crystals photostimulable for X-
ray beam was used as the two-dimensional (2D) detector. A time-resolved and
continuous data acquisition of SAXS and WAXD patterns on the 20 detector
was enabled either by changing the IP by a rotation of the drum or by shifting the
exposed region of one IP with respect to the incident beam. This system was
adopted to the in situ measurements of the time-evolution of SAXS patterns
during the isothermal orientation crystallization of a crosslinked cis-l,4-
polybutadiene rubber. It was observed that the long period decreased with time
during the crystallization as a results of increasing the number of lamellar
crystallites, and that the lamellar crystallites were regularly stacked with their
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lamellar nonnals oriented parallel to the stretching direction.
ChapterS.
As a consequence of the findings in Chapter 1, the slow part of the
structuring process in the SIS triblock copolymer gave sufficient time for flow
alignment of microphase-separated domains with the hexagonally-packed
cylindrical morphology during their growth phase. The resulted morphology was
observed by the 2D detector system for SAXS described in Chapter 4. Near
"single crystal" morphology was obtained through large-amplitude oscillatory
shear at about 25 K below ODT. The direction of the cylindrical axes was uniform,
i.e., formation of grain boundaries was avoided. The low-frequency linear
viscoelastic properties of the single crystal structure were found to be affected
by the domain alignment in the flow direction. The quench depth.1T was found
to be an important parameter: at a small quench depth of.1T == 10 K, microphase
separation was found to be suppressed by the oscillatory shear.
Chapter 6.
Real-time and in situ SAXS studies were conducted on an SEP diblock
copolymer film having alternating lamellar microdomains. SAXS was measured
with the 2D detector (shown in Chapter 4) for the film specimens subjected to a
large-amplitude oscillatory shear deformation with a sawtooth type strain 'Y (-0.5
::; 'Y $ 0.5) at frequency f = 0.0149 or 1 Hz and at temperature T = 105 or 130°C.
The specimens initially had a uniaxial orientation with the lamellar normal)
preferentially oriented parallel to the film normal (OZ-axis). The shear
defonnation at low temperature and low frequency (f = 0.0149 Hz, T = 105°C),
or that at high temperature and high frequency (f =1 Hz, T =130°C), with the
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displacement vector parallel to the OY axis and the shear gradient axis parallel
to the OZ axis, gave a biaxial orientation with I preferentially oriented either
along the OZ or OY axis, the former being dominant to the latter. On the other
hand, the shear deformation at high temperature and low frequency (f = 0.0149
Hz, T = 130°C) gave an improved uniaxial orientation ofl with respect to the
OZ axis. A preferred orientation of I along the OX axis, the neutral axis, was not
detected in any case. The two deformations which gave the biaxial orientation
involved about the same shear stress level, but this stress level was much higher
than that involved by the deformation giving rise to the improved uniaxial
orientation.
Chapter 7.
Rheo-optical studies were conducted on an SEP diblock copolymer having
spherical microdomains composed of polystyrene block chains (PS) in the matrix
composed of poly(ethylene-alt-propylene) block chains. SAXS was detected with
the 2D detector described in Chapter 4 simultaneously with stress measurements
on the specimens subjected to a large-amplitude oscillatory shear deformation
with strain amplitude of 50% and zero static strain at frequency of 0.0936 radls
and at room temperature, with the purpose to elucidate a relationship between a
macroscopic property of the systems and their mesoscopic structure as revealed
by SAXS. The results indicated that the spheres are packed in a body-centered-
cubic (bec) lattice and that the shear deformation induces a preferential orientation
of (110) lattice planes parallel to shear plane and elastic deformation of the bcc
lattice under this particular (110) lattice plane orientation. The stress amplitude
a(N) is found to decay with N, the number of strain cycle, and the stress decay to
be recovered after cessation of shear. The stress decay with N and the stress
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recovery after the cessation appear to be interrelated to the preferential orientation
(110) plane with N and its orientation relaxation after the cessation, respectively.
The change of the elastic strain amplitude on the lattice with N and with time
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